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ABSTRACT 
'The Mobility and Speciation of Antimony in Contaminated Soils and Waters' 
Martin James Nasb 
Total element concentrations, solid state partitioning and leaching characteristics of 
antimony are examined in surfuce soils at two contrasting field sites contaminated by 
former mining activities. These parameters are compared in each soil and related to 
selected soil properties and leachant solution pH to identify factors that influence the 
mobilisation of antimony in soils. Total element concentrations are determined in soils 
using an evaluated Mg(N01)2 ashing technique and highly elevated concentrations (up to 
8202 mg kg-1 antimony) are measured in soils formed on the surfuce of spoil heaps at 
these sites. A stream system bisects a s~il heap at one of these sites and elevated 
antimony concentrations (up to 22.5 ng mr) are observed in these waters suggesting the 
influence of leaching processes. Antimony's solid state partitioning is investigated in 
soils using a previously reported five-step low temperature sequential chemical leaching 
method. Largest proportions of antimony are extracted in the 'Ca-associated' (6.1-ll.6 
%of the total) soil fraction and the 'Fe- and Organic-Fe associated' soil fraction (5.0-8.7 
% of the total). However, low extraction efficiency is observed for the sum of the five 
leaching steps and 73.8-83,3 % of the total antimony is partitioned in the residual soil 
fraction. Short tenn, long term and pH-dependant antimony leaching is investigated in 
selected contaminated soils using laboratory-based batch tests. Antimony leaching is 
shown to be influenced significantly by the total antimony soil concentration, leachant 
solution pH and L:S leaching ratio and these observations are apparent despite notable 
variations in soil pH and organic matter content. Antimony leaching is most significant 
in soils that contain highest total antimony concentrations although increased antimony 
leaching is observed as the L:S ratio is increased and/or the leachant solution pH is 
increased from pH 4.0 to pH 10. 
Aqueous antimony speciation is determined in soil leachates and surface waters using 
HPLC-ICP-MS methodologies and the influence of selected soil properties is examined 
with respect to the resultant leachate antimony speciation. Novel HPLC separations are 
developed using· Phenomenex SAX-SB and Alltec HAAX stationary phases_ in 
conjunction with ammonium tartrate mobile phases to facilitate the simultaneous 
separation and quantification of inorganic Sbiii, inorganic SbV and organic SbV species. 
These methodologies achieve detection limits for species in the pg ml-1 to low ng ml-1 
range to enable quantitative analysis of contaminated leachates and surface waters. 
Inorganic SbV species are found to be predominant in the surface water and soilleachate 
samples despite notable variations in soil pH and organic matter content. These data 
show good agreement wjtb thermodynamic predictions. Inorganic SbV species .are 
generally accepted to exhibit I 0 times lower toxicity than inorganic Sblll species and 
potential for antimony toxicity at these sites may be reduced due to the intrinsic elemental 
speciation. Three unidentified antimony species are 9etected in selected soil leachates 
although inorganic Sblll and organic SbV species are not detected in surface waters and 
soilleachates in this study. 
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CHAPTERl.O 
INTRODUCTION 
1.1 Sources of antimony to the environment 
1.1.1 Natural Sources 
Antimony is a chaicophile element, which is formed by the residual hydrothermal 
crystallization of magma. Natural sources of antimony to the environment result 
primarily from the weathering of e'xposed rocks and soil-runoff processes and it is 
suggested that around 5.0 kt f 1 of antimony are released into rivers through these 
processes. 1 Atmospheric sources of antimony may result from wind-borne dust, sea salt 
spray, volcanic emissions, forest fires and biogenic processes and emissions from these 
sources are estimated as 0.8, 0.6, 0.7, 0.2 and 0.3 kt y"1 respectively? To date fluxes of 
atmospheric antimony to terrestrial and marine environments are not reported in the 
literature and further studies are required to enable an improved understanding of the 
natural global antimony cycle. Selected reference data (atomic weight, -stable isotope 
fractionation and natural radioisotope half-lifes (t1/ 2)) are reported for antimony in Table 
1.1.2 Anthropogenic sources 
World annual production of antimony has increased from 50000 tons in 1939, to 68000 
tons in 19723 and in 1995 the estimated annual production was around 70000 tons, most 
of which was produced by Bolivia, South Africa, Russia and China.4 Increases in the 
world annual production of antimony correspond to increases in annual industrial 
consumption (e.g. United States and Japanese industry reported annual increases in 
antimony consumption of 2813 tons and 966 tons respectively between 1985 and 
19895-7.) Oxides of antimony are commonly used in industry for the manufacture of 
flame-retardants, plastics, ceramics, paints, rubbers, textiles and veterinary medicines, 
. whilst antimony sulphide and antimony trichloride are used predominantly as pigments 
and dyes and antimony trifluoride is used as a mordant in the textile industry. Antimony 
trioxide (S~03) can be produced on a commercial scale by oxidising molten antimony 
metal or antimony trisulphide (S~S3) in air at 600-800 °C. 8 Antimony tetroxide (S~04) 
is a mixture of antimonylll oxide and antimonyV oxide and is formed by heating 
antimony trioxide in air at 460-540 °C.8 Antimony pentoxide (S~05) is formed by 
oxidising antimony trioxide with nitrates or peroxides.8 These antimonoxide species are 
readily reduced with charcoal or coke in a blast or reverberatory furnace to form metallic 
antimony, which is used for the preparation of specialist alloys for thermoelectric 
cooling, lead-acid batteries, metallic bearings and antimony solder. Selected physical 
properties of antimony and its oxide and trisulphide species are listed in Table 1.2. 
2 
T bl 1 2 S l d h . I f a e .. e ecte pi 1ystca properties o antunony an d tts compoun s 
Compound Empirical Molecular Colour Mpeq bpeq Solubility 
Formula Weight in water 
Antimony Sb 121.75 Silver-white 630.5 1750 insoluble 
Antimony s~o3 291.50 White 656 1550 5 mg r• 
trioxide 
Antimony s~o4 307.50 White 930 NA slightly 
Tetroxide soluble 
Antimony s~o5 323.50 Yellow 390. NA slightly 
pent oxide 930b soluble 
Antimony s~s3 339.69 Black-yellow 550 1150 1.75 mg r• 
trisulpbide 
Antimony SbCh 228. 11 Transparent- 73.4 283 slightly 
Trichloride White soluble 
Antimony SbF3 178.75 White 292 319 slightly 
TriOuoride soluble 
3At 390 °C, antimony pentoxide loses one oxygen atom to become antimony tetroxide 
bAt 930 °C, antimony pentoxide loses two oxygen atoms to become antimony trioxide 
NA: data not available 
To date, anthropogenic sources of antimony to the environment result primarily from 
commercial and manufacturing processes, mining and smelting, energy production, waste 
disposal, incineration and use of specific soil amendments in the farming industry. 
Fluxes of antimony to the atmosphere from manufacturing processes are not quantified in 
the literature although fluxes to soils and aquatic ecosystems from manufacturing 
processes are estimated at 2.4 and 9.3 kt i 1 respectively? Mining and smelting, energy 
production and waste incineration processes release significant concentrations of 
antimony to the environment. Emissions of antimony to the atmosphere from combined 
mining and smelting activities are reported as 1.5 kt i 1 and atmospheric emissions 
resulting from energy production and waste incineration processes are reported as 1.3 and 
0.7 kt i 1 respectively.2 Aquatic ecosystems are reported to receive a total of 3.8 kt i 1 
antimony from combined mining, smelting and coal ash deposition processes although a 
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further 1.1 kt y"1 antimony is deposited by additional atmospheric fallout.2 Soils are 
reported to receive 12 kt y"1 antimony from combined mining, smelting and coal ash 
deposition processes although a further 2.5 kt y"1 antimony is deposited by additional 
atmospheric fallout? Soils may also receive antimony through amendment techniques 
such as the addition of animal wastes and superphosphate fertilisers2 and estimated inputs 
of antimony from these sources is 5.2 kt y"1• Specific antimony concentrations are not 
reported in the literature for animal wastes although some superphosphate furtilisers are 
reported to contain up to l 00 mg kg -1 antimony. 10 
1.2 Antimony in the terrestrial and aquatic environments 
1.2.1 Rocks and minerals 
Antimony accounts for approximately 0.0001 % of the earth's crust by weighe and is 
typically observed in oxidation states between +3 and +5 as antimonosulphides, metal 
antimonides and antimonoxides. Native antimony deposits are rarely found, although 
their occurrence is reported in association with siliceous parent materials, pyrite, gold and 
other metal sulphides. 6 The primary mineral ore of antimony is stibnite (S~S3), however 
many other sulphantimonides occur naturally including jamesonite (P~S~S5), pyargyrite 
(Ag3SbS3), tetrahedrite (CuSbS3), bournonite (PbCu(Sb,As)S3), cervantite (S~04), 
valentinite (S~03) and kermesite (2S~S3.S~03). Naturally occurring metal 
antimonides include NiSb (breithauptite), NiSbS (ullmannite) and Ag2Sb (dicrasite). 
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These ores are often found in association with those of lead, copper, zinc and silver hence 
the name 'antimony' is thought to derive from the Greek word antimonos - enemy of 
loneliness. 
Average antimony concentrations in rocks are reported at around 0.1-0.2 mg kg"1 
although intermediate and basic rocks typicaUy contain the higher concentrations 
(0.2 mg kg"1). 10 Igneous, limestone and sandstone rocks may also contain around 0.2 mg 
kg"1 of antimony. However, highest antimony concentrations (1-2 mg kg"1) are 
commonly observed in shales. 10 Rocks containing stibnite or other antimony-bearing 
minerals may exhibit concentrations of around 50 J.lg g·• antimony although significantly 
higher concentrations (2000-5000 J.lg g"1) have been reported in localised areas! It is 
suggested that the above described antimony-bearing minerals are weathered and 
decomposed in the environment to form antimonoxides such as S~03 and H2S~05 •4 • 10 
However, the specific chemical reactions that take place during the weathering of these 
minerals are incompletely understood and further studies are required to investigate the 
reactivity of different antimony-bearing minerals and their intrinsic mechanisms of 
decomposition during weathering processes. Stability relations of selected antimony 
species are described most recently in the Eh-pH diagram196 for the Sb-S-0-H system at 
25 oc and l atmosphere total pressure (Figure l.l ). This diagram contains some 
revisions and extensions to a previously reported Eh-pH diagram for the Sb-S-0-H 
system197•198 (Figure 1.2) and suggests conditions required for the formation of native Sb, 
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Figure 1.1 
Eh-pH diagram for the Sb-0-H-S system196 
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Sb:zsl-, Sb:zSJ, Sb.t06, Sb:z04 and Sb03- species. The two diagrams (Figures l.l-1.2) are 
derived from the same thermodynamic data196 and highlight similar Eh-pH conditions for 
the formation of native Sb, Sb:zS/- and Sb:zS3 species. However, some significant 
discrepancies are noted concurrently with regards to the formation of SbO+, Sb(OH)J, 
Sb406, Sb02-, Sb:z04, Sb:zOs and Sb03- species and further work is therefore required to 
confirm the validity ofthese diagrams. 
1.2.2 Soils and waters 
Natural antimony concentrations in soils and waters may change with time depending 
upon factors such as the extent of weathering processes and the reactivity of both the 
liberated antimony species and the adjacent soil and water matrix components. However, 
antimony concentrations may be increased significantly through the influence of 
anthropogenic activity and this phenomenon has led to 'near-ubiquitous' antimony 
concentrations in soils and waters today. Concentrations of total antimony in soil are 
estimated on a global scale10 as I mg kg-1 although concentrations in UK soil10 are 
reported between 1.1-8.6 mg kg -•. Concentrations of antimony in various contaminated 
UK soils are reported11 in the range of 1.8-50 mg kg-•. Fresh and saline waters5•12-16 
typically exhibit concentrations of antimony between 0.01-5.6 ng mr' and an average 
concentration of 0.25 ng ml- 1 is reported for both freshwaters and seawaters.9 Some 
typical riverine antimony concentrations are: the Thames, UK5, 0.09-0.86 ng ml-1, five 
Japanese rivers5, 0.07-0.29 ng mr' and the Rhine, Germany17, 0.1 ng m1·'. Antimony 
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concentrations in the Coeur D' Alene river, (Idaho, USA) are reported to be elevated due 
to the influence of extensive anthropogenic activities and observed concentrations range 
between18 0.23-8.25 ng mr'. 
Antimonoxides are known to be released to the environment during the smelting of 
metalliferous ores19 although a host of unidentified antimonials may also be released 
through additional anthropogenic activities. To date the chemistry of anthropogenically 
derived antimony species in soils and waters is incompletely understood and further 
studies are required to assess the potential for chemical transformations of these species 
and their significance to both aqueous speciation and solid state partitioning. Soluble 
antimony species are observed in both the + 3 and +5 oxidation states although inorganic 
SbV species are thermodynamically favoured between pHs 5-8 in most oxic 
environmental conditions20 and this shows good agreement with the Eh-pH diagram 
shown in Figure 1.1.196 Oxides, sulphides and trihalides of antimony may be partially 
dissolved by aqueous media within the soil matrix. However biomethylation and 
transmethylation processes, complexing agents such as humic acids and the presence of 
inorganic species such as chloride, carbonate and phosphate ions may further modifY the 
solubility of these compounds due to the formation of more stable species. To date 
laboratory experiments have demonstrated the potential for adsorption and complexation 
of antimony with organic acids21 ,22 although qualitative analysis is yet to conftrm the 
presence of these complexes in environmental samples. Methylated antimonials are 
identified in both aqueous and sediment samples20,23-25 and are suggested to result from 
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biomethylation of inorganic antimony and liberation of soluble, non-volatile 
trimethylstiboxide or volatile methylstibine species?6-28 However, methylstibines may be 
oxidised in air to form trimethylstiboxides and may be re-deposited in terrestrial and 
I 
aquatic environments .26).7 Antimony pentoxide is ~lightly soluble in aqueous media and 
forms the antimonate species (Sb031 which exists as [Sb(OH)6]-. Antimony trioxide is 
less soluble than the pentoxide species and is predicted to form neutral molecules such as 
meta-antimonious acid (HSb02) or Sb(OH)3 in aqueous solution at pHs between 2 and 
I 0.4?9 Antimony trichloride is relatively insoluble in aqueous solution and is initially 
hydrolysed to SbOCI and then to Sb(OH)3 or Sba03 species unless maintained at low pH 
(i.e. in 6 mol r• HCI). However, the trifluoride species dissolves in water without 
forming a basic salt. Antimony sulphides are sparingly soluble in water and form 
sulphosalts, polysulphoacids and sulphoxysalts in basic solutions.4 
1.2.3 Plants 
Plants in the terrestrial environment can exhibit a broad range of total antimony 
concentrations (0.0002-5 ~g g-1 in dry matter) depending upon specific location and 
geochemistry of the underlying rock and soil. Coughtrey et af provides a summary of 
antimony concentrations in terrestrial plants and reports figures of 0.1 mg kg-• for natural 
-vegetation, 50 ~g kg-• for pasture grasses, herbage and herbaceous vegetables, grain and 
cereal products, and 5 ~g kg-• for garden fruits and both leguminous and root vegetables. 
However, at contaminated field sites significantly elevated concentrations are reported 
(e.g. herbage in the vicinity of a copper smelter was found to contain more than 
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200 J.Lg g-1 antimony30). There are fewer data for concentrations of total antimony in 
aquatic plants although a summary of reported values suggests concentrations between 
0.01-2.6J.Lg g-1 in uncontaminated areas.9 
To date inorganic SbV, inorganic Sbiii and methylated antimonials have been identified 
in plant extracts20,31 although mechanisms that facilitate the uptake and cycling of these 
species are not reported. Koch et af0 determined both organic and inorganic antimonials 
in a range of plant and moss samples and reported inorganic SbV as the most abundant 
extractable species. These findings are suggested to result from the uptake of inorganic 
SbV, which is thermodynamically favoured in oxic wateri0 although the extent of 
biotransformations is not confirmed. 
1.3 Toxicity of antimony 
Antimony is non-essential to plants, animals and humans and the toxicity of this element 
is largely determined by the oxidation state and chemical form. The greatest 
toxicological threat to humans is suggested to result from exposure to finely powdered 
metallic antimony, followed by trivalent and pentavalent antimonials respectively.4 
Inorganic species are known to exhibit greater toxicity than organic species and this is 
thought to result from specific reactions with cellular constituents and the occurrence of 
irreversible binding mechanisms with thiol-containing enzymes.5•32 These inorganic 
antimonials are suggested to exhibit very high levels of toxicity to humans in comparison 
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with inorganic arsenic compounds and greatest toxicity is observed with inorganic 
oxyanions of antimony Ill. 3-5 
Toxicological tests carried out on laboratory animals and cell cultures revealed potential 
mutagenic and carcinogenic effects associated with specific antimonial compounds33-36 
and Table 1.3 presents oral LD50 data (orally ingested lethal dose concentration resulting 
in mortality of 50% of the studied population) for selected antimony species following 
laboratory tests with rat and rabbit species. A wide range of human intoxication 
symptoms are also reported as a result of acute and chronic exposure. Symptoms of acute 
human intoxication which are suspected through inhalation or ingestion of antimonials 
include nausea, diarrhoea, headaches and irritation of the upper respiratory tract.3.37 
Symptoms of suspected chronic antimony intoxication in humans include headaches, 
dizziness, muscular pain, pheumoconiosis, cardiotoxicity, enlargements of the liver and 
spleen, dermatitis, eye irregularities, cataracts and a range of blood disorders including 
anaemia and leukopaenia. 3'37 
T bl I 3 0 l LD d t fi I ted t' a e ra 50 a a or se ec an unony spec1es 
Antin;wny Species Oral LD50 (mg Sb per kg body weight) 
Potassium antimony tartraten 115-600 (rat) 
Potassium antimony tartrateJJ 15 (rabbit) 
Antimony lrichlorideL"" 530 (rat) 
Antimony pentachloride 04 11 20 (rat) 
Some industrial standards have been introduced to limit human exposure to antimony in 
both the gaseous (stibine, SbH3) and particulate forms and these limits range between 
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0.1-0.5 m1 m"3 for gaseous antimony and 0.2-2 mg m"3 for particulate antimony.4 
Regulations for antimony concentrations in drinking water have also been introduced and 
the European Community Standard proposed maximum admissible levels of 10 ng ml"1• 
In 1996 guideline values for antimony in drinking water were lowered in accordance with 
data obtained from toxicological studies33 and provisional guideline values were set at 
5 ng ml-1 to include a 250-fold margin of safety for potential health effects. 
1.4 Analysis of antimony in environmental samples 
A broad range of analytical techniques is available for total antimony determinations in 
solid and aqueous environmental samples although the most commonly used techniques 
include Atomic Absorption Spectrometry (AAS), Inductively Coupled Plasma Atomic 
Emission Spectrometry (ICP-AES) and Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS). To date ICP-MS is increasingly favoured for analysis of total antimony in 
environmental samples because detection limits are readily achievable in the pg mr' 
range3843 and aqueous samples require minimal sample preparation prior to analysis. 
The determination of intrinsic antimony species in environmental samples presents a 
number of complex analytical challenges over and above those encountered for total 
antimony determinations. These challenges relate to the necessity for preservation of the 
sample integrity between the point of collection and analysis and also the development of 
analytical techniques with sufficient specificity for chemical speciation studies. This area 
of analytical research has received increasing attention in recent years owing to the filet 
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that the chemical speciation of antimony can influence the mobility, bioavailability and 
toxicity of the element in environmental systems. A number of analytical techniques are 
currently available to speciate antimony in aqueous environmental samples and these 
techniques utilise either pre-analysis species separations or on-line mechanisms of 
species separation. 84-86 
One of the most commonly used on-line speciation techniques is Hydride Generation 
(HG) in conjunction with AAS or ICP-AES for speciation of Sbiii and SbV. This 
technique is used because aqueous Sblll will readily form the gaseous hydride (SbH3) in 
contrast to aqueous SbV and this facilitates a physical separation mechanism. Gaseous 
SbHJ can also be formed from SbV if it is pre-reduced to Sblll and careful system 
optimisation can allow selective SbH3 generation from Sbiii in the presence of SbV or 
simultaneous SbHJ generation from both Sbiii and SbV. These techniques enable 
detection limits for antimony species in the ng mr' range.4347 However, their potential 
for future speciation studies is limited because they are insufficiently selective for 
elucidation of detailed chemical speciation and only differentiate between antimony in +3 
and +5 oxidation states. 
Improved species selectivity can be achieved by coupling High Performance Liquid 
Chromatography (HPLC) or Gas Chromatography (GC) to ICP-MS detection systems 
and the choice of chromatographic technique may depend upon the volatility of the 
species of interest and the composition of the sample matrix. HPLC-ICP-MS is 
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potentially advantageous for future aqueous antimony speciation studies. This technique 
separates aqueous antimony species in accordance with their affmity for a stationary 
chromatographic phase and the separated species are pumped to the ICP-MS in a flow of 
liquid prior to detection and quantification. The main advantages of this technique 
include the potential for greater species specificity in comparison to the above stand-
alone HG techniques, ability to analyse aqueous samples directly without the need for 
pre-analysis preparation and detection limit capabilities in the low ng ml-1 range.29•48-53 
To date anion exchange HPLC is most commonly used in conjunction with ICP-MS for 
aqueous antimony speciation and the majority of published methods enable separation of 
inorganic Sbiii and inorganic SbV or inorganic SbV and organic SbV species. At present 
there is considerable scope for improved chromatographic separations of these antimony 
species since few methodologies fucilitate the simultaneous separation of inorganic Sbiii, 
inorganic SbV and organic SbV. However, the identification of unknown antimony 
species in environmental samples is somewhat hindered due to the lack of available 
analytical standards and a poor understanding of antimony's aqueous environmental 
chemistry. 
1.5 Project aims and objectives 
As evidence for antimony's toxicity continues to accumulate3•4•5•32•33•36•54 there is 
increasing concern relating to the concentrations and chemical forms of this element in 
environmental systems. Particular concerns relate to elevated antimony concentrations in 
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soil-water systems, the associated issue of chronic exposure and subsequent potential for 
long-term effects that may be detrimental to biota. To date, little research has been 
directed at the partitioning and mobility of antimony in contaminated soils and extensive 
geochernical data is required to facilitate an improved understanding of soil-water 
interactions, availability and potential toxicity of antimony in environmental systems. 
This project will examine total element concentrations, solid state partitioning and 
leaching characteristics of antimony in selected surface soils from two contrasting field 
sites contaminated by former mining activities. These parameters will be compared in 
each soil and related to selected soil properties and leachant solution pH following the 
application of a range of specific soil analysis and instrumental techniques. It is also 
~roposed to develop novel HPLC-ICP-MS methods to enable simultaneous separations of 
aqueous inorganic Sbiii, inorganic SbV and organic SbV species in soil leachates and 
surface waters at these contaminated sites. HPLC separation chemistry will be discussed 
for each antimony species. Aqueous antimony speciation in soil leachates and surface 
waters will be discussed to include the influence of selected physico-chemical soil 
properties, leachant solution pH, thermodynamic considerations and the potential for 
toxicity to biota. Data derived from this study will facilitate an improved understanding 
of antimony's surface soil-water chemistry with emphasis on partitioning and leaching in 
contaminated soils. The study will identify factors that influence the extent of antimony 
leaching in soils and will suggest field site conditions that may facilitate enhanced 
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antimony leaching based on these findings. Aqueous antimony speciation data will be 
interpreted to provide insight into the potential for toxicity of mobilised antimony species 
and recommendations will be made for future water quality monitoring. 
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CHAPTER2.0 
METHODOLOGIES FOR DETERMINATION OF ANTIMONY IN 
TERRESTRIAL ENVffiONMENTAL SAMPLES 
This chapter reviews analytical methodologies for the determination of antimony in 
freshwater and terrestrial environmental samples and describes progress in this field 
of analytical research. Techniques for analysis of total element, aqueous speciation 
and solid state partitioning of antimony are discussed in addition to sample 
preparation techniques for matrix digestion and analyte preconcentration. The 
determination of antimony in environmental samples can be problematic due to the 
very low concentrations often present. Furthermore, particular difficulties may be 
encountered with the analysis of solid samples as a result of both analytical 
interference effects and analyte losses through volatilisation. The chosen sample 
preparation and analysis technique is therefore critical and the intrinsic nature of the 
sample must be carefully considered prior to analysis. 
2.1 The determination of antimony in aqueous samples 
Most analytical techniques have an intrinsic requirement for liquid sample 
introduction and this often allows the analysis of aqueous environmental samples with 
minimal sample preparation. Total antimony concentrations are determined using a 
range of analytical instrumentation. However highly selective separation and 
identification techniques are required prior to the detection of particular aqueous 
antimony species. Sections 2.1.1 and 2.1.2 focus on sample preparation and 
analytical techniques for total antimony and species specific determinations in 
aqueous samples respectively. 
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2.1.1 Total antimony determinations 
The determination of total antimony m naturally derived water samples is often 
problematic due to the low analyte concentrations, often in the ng ml-1 range. 
However additional difficulties may result from high matrix ion concentrations and 
subsequent analytical interference. Preconcentration or separation of the analyte prior 
to analysis can alleviate these problems, however improvements in analyte detection 
depend upon the original sample volume used and the sample concentration factor. 55 
Analytical techniques for the preconcentration and extraction of total antimony in 
aqueous samples are shown in Table A.l, see appendix A. 
The incorporation of temperature reliant collection traps in conjunction with hydride 
' (HG) b ffi ' . 1' hni 53 56 Th · generation can e e ecttve m- me tee ques. ' ese trappmg systems 
promote the preconcentration and separation of stibine (SbHJ) required for analysis 
and can improve detection limits of conventional hydride generation from 3 ng mr1 to 
around 0.35 ng ml-1 with atomic emission spectrometric (AES) detection.56 In 
addition to these techniques novel in-situ chemisorption trapping has also been 
developed.57 This in-line preconcentration technique is coupled to an atomic 
absorption spectrometric (AAS) detection system and enables detection limits of 
around 0.0029 ng ml'1 although applications to environmental analysis are not 
reported. 
Aside from in-line preconcentration, separate pre-analysis techniques are also 
described and include solvent extraction58-6° and selective adsorption.61 These 
techniques promote trace level determination by reducing analytical interference and 
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particular advantages may result when used in conjunction with hydride generation. 
Conunon interferences of hydride generation result from the presence of additional 
hydride-forming elements including As, Bi and Sn and precipitation of elements such 
as Cu, Pb, Cr, Fe, Co and Ni in the sample solution. Solvent extraction and selective 
adsorption can successfully remove many problematic elements prior to analysis 
allowing improved quality of analytical data59•61 In one particular study, a selective 
adsorption procedure was utilised for the analysis of river water samples and analyte 
concentrations were determined at around 0.1 ng rnl-1, however the associated 
detection limit was not quoted.61 Whilst the advantages of aqueous sample 
preparation are evident their application to environmental samples requires careful 
consideration. Aqueous sample introduction is preferable to most analytical 
techniques and lengthy sample preparation may be avoided by the application of an 
appropriate analyte detection system. Analytical techniques for the determination of 
total antimony in aqueous samples are shown in Table A.2, see appendix A. 
Graphite furnace and flame AAS techniques (GFAAS and FAAS) are used for total 
· d · · fr I s1 61 62 antunony etenrunat1ons om aqueous samp es, ' · however technological 
advances have led to the use of inductively coupled plasma atomic emission 
spectrometry (ICP-AES) and more recently inductively coupled plasma mass 
spectrometry (ICP-MS) analyte detection.3842•63-66 The application of ICP-AES and 
ICP-MS detection systems enables rapid, multi-element capability with large linear 
ranges and significantly improved detection limits. GF AAS can offer the potential fur 
highly sensitive total antimony determinations and detection limits are reported as 2.9 
pg rnl-1 for antimony when using this technique. 57 GFAAS techniques may offer 
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detection limits that are at least equivalent to those obtained by ICP-MS. However, at 
present ICP-MS is currently the most favoured technique for analysis of antimony in 
aqueous environmental samples. ICP-MS detection limits are often reported in the pg 
mr' range for total antimony determinations and the use of these detection systems is 
widely reported in the literature. 3842•63•64 
Atomic absorption, atomic emission and mass spectrometry are often used in 
conjunction with hydride generation for total antimony analysis. The use of this 
approach can improve analytical sensitivity by increasing the efficiency of analyte 
transport, help separate the analyte from the matrix and reduce associated non-
spectroscopic interference effects. The technique requires acidic media or pre-
reducing agents to convert all Sb(V) to Sb(III) within the sample solution prior to 
analysis. This is essential if representative results are to be obtained since only the 
Sb(III) species is efficiently reduced to the required volatile hydride, SbH3, for 
subsequent detection. The coupling of hydride generation to ICP-MS can reduce 
detection limits for conventional ICP-MS by 20 fold,42 allowing detection of 
antimony to around 0.005 ng ml"1• However, efficient hydride generation is often 
problematic, and interference effects from high background signal, severe memory 
effects and plasma instability are commonly encountered.41 '42'67 These effects result 
from matrix ions in the sample solution, chemical reagents for hydride generation and 
the adhesion of antimony to the inner surfaces of glass components inside the 
instrument. Problems with matrix ions and memory effects can be reduced by the use 
of sample preparation techniques as described above and allowing longer washout 
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times between consecutive samples. The alleviation of additional interference effects 
can be achieved by optimising the chemical conditions for hydride generation and this 
is currently an active area of analytical research.68-75 
A range of acidic media have been evaluated for total antimony determinations with 
hydride generation and these include hydrochloric, perchloric, nitric and sulphuric 
acid reagents.70•71 These studies indicate that both the acidic medium used and its 
concentration are critical to the perfonnance of hydride generation. Schramel and 
Xu70 reported 40% inhibition of antimony signal in 50 % HCI (v/v) in comparison 
with 5 % HCl (v/v). However in the same study, the use of concentrated acidic 
medium (containing 30 % HCI) reduced significant interference effects from 
transition metals and a mixed solution of30% HCI and 20% HN03 is reported as the 
most effective medium for removal of large scale interference from Ni and Cu ions.70 
This demonstrates the need for compromised acidic conditions to minimise overall 
interference effects and enable optimum sensitivity. 
Whilst optimised acidic conditions contribute largely to the quality of the analytical 
data, the addition of pre-reductant and interference masking agents can also be 
significant. Potassium iodide, thiourea and L-cysteine are used as pre-reducing agents 
for Sb(V) and these reagents may also contribute to the reduction in analytical 
interference along with EDT A, l, l 0-phenanthroline and thiosemicarbazide. 68-75 
Potassium iodide is perhaps the most commonly used pre-reductant. The addition of 
this reagent is shown to increase the signal intensity from Sb(V) by 40 % when using 
the HG-ICP-AES technique and reduces interference from copper ions_70 However 
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Welz and Sucmanova71 note that potassium iodide requires preparation in highly 
acidic media which can subsequently result in damage to instrument components and 
creates difficult handling procedures. The use of Thiourea and L-cysteine instead of 
potassium iodide is suggested to improve analytical detenninations over potassium 
iodide as a result of reduced interference effects.68'69'71 However, L-cysteine is 
considered the most beneficial reagent as a result of enhanced Sb(III) stability in 
solution, plasma stability and reduced interference effects.68'71 Improved sensitivity 
with this reagent is suggested to result from faster SbH3 production in the hydride 
generation phase although the extent of this improvement was not quantified.68 
Less common analytical techniques for the determination of total antimony in 
aqueous samples are presented in Table A.3, see appendix A. A range of detection 
systems are utilised including electroanalytical techniques/1•76-78 neutron activation 
analysis (NAA),79 spectrophotometry,58•80-112 photoionization,55 X-ray fluorescence 
t t (XRFS)'6o and spec rome ry microwave induced plasma atomic emission 
t (Mlp-AES).56 spec rometry Many of these techniques alone are insufficiently 
sensitive for total antimony determinations in environmental samples. As a result of 
this, sample preconcentration or hydride generation is often incorporated for low level 
determinations. NAA techniques have an intrinsic requirement for a reactor source 
and this often prevents wide-scale applications. Furthermore, recommended sample 
preparation involves the evaporation of liquid samples onto a solid matrix prior to 
analysis. 83 This may promote analytical errors through the loss of antimony by 
volatilisation (see section 2.2.1.1 ). Electroanalytical techniques are widely reported 
for total antimony determinations in aqueous environmental samples. Techniques 
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such as anodic stripping voltammetry (ASV) allow analyte detection at around 10 J.lg 
kg-1 although Camara and de la Calle-Guntinas4 indicate that HG-ASV can further 
improve sensitivity, enabling detection limits of 0_05 J,lg kg-1• However these 
techniques have not proved as popular as AAS and ICP technology. 
2.1.2 Speciation determinations 
Aqueous antimony species can be characterised in terms of oxidation state or intrinsic 
chemical form and analytical techniques for their determination require high species 
specificity and low detection limits. Determinations of aqueous speciation involve 
selective species separation prior to analytical detection_ Whilst pre-analysis 
separations are widely reported, the development of in-line separation is a growing 
area of analytical research and the application of coupled techniques is increasingly 
utilised. The extent of progress with antimony speciation research is documented in 
three review papers published after 199884-86 and recent development work in this 
field has focused largely on hydride generation or chromatographic separations 
coupled with ICP detection. Sections 2.1.2.1-2.1.2.3 discuss the current range of 
analytical techniques for the detennination of aqueous antimony species, emphasising 
recent method development work with state-of-the-art in-line techniques. The merits 
of less common analytical methods are also discussed including recent developments 
with in-line and pre-analysis species separations. 
2.1.2.1 Hydride generation techniques 
The use of hydride generation coupled with AAS, AES and MS detection systems is 
widely reported for the determination of total aqueous antimony concentrations. 
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However, the selective production and analysis of volatile SbHJ can be used to 
speciate antimony in accordance with oxidation state. Table A.4 (appendix A) shows 
hydride generation techniques for the determination of antimony speciation in 
aqueous samples. 
Aqueous Sb(IIl) is readily reduced to SbH3 in the presence ofNaBH.t over a pH range 
of 2-9. However, Sb(V) requires pre-reduction to Sb(IIl) before efficient SbH3 
formation can be achieved. This requires more acidic conditions, often:-:;; pH 1, or the 
use of a pre-reducing agent. By adjusting the chemical conditions in the hydride 
generation cell it is possible to generate SbH3 specifically from Sb(III) in the presence 
of Sb(V). It is also possible to generate SbH3 from species in both oxidation states 
simultaneously. As a result of this both total Sb and Sb(III) species can be 
determined, enabling the determination of Sb(V) by subtraction. However, caution is 
required with the application of this technique since incomplete reduction of Sb(IIl) 
and Sb(V) species or interference from Sb(V) during selective reduction of Sb(III) 
may produce inaccurate speciation data. The application of hydride generation to 
speciation studies has led to the development of novel techniques enabling 
simultaneous Sb(III) and Sb(V) determinations. These techniques utilise continuous 
in-line extraction of Sb(III) prior to SbH3 generation and the application of pre-
reduction kinetics.45'46 Other areas of research focus on the optimisation of chemical 
conditions to improve efficiency and selectivity of SbH3 generation for speciation 
studies. However, the majority of research in this field relates to the choice of acidic 
medium or the influence of pH. An evaluative stud/4 examined hydrochloric, 
perchloric, nitric, sulphuric and phosphoric acids for selective SbH3 generation and 
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identified phosphoric acid at pH 1.8 as the most suitable. However, other studies 
utilise citric acid and citrate buffers at pH 2, borate buffers at pH 8, tris-HCI at pH 
6-7, 1.0 mol r' HCI (with 0.1 mol r' HF to mask Sb(V)), and 0.35 M HCI with 4 mg 
mr
1 
of Zr(IV).24•87' 90 The choice of media and pH is critical for the application of 
hydride generation to aqueous speciation studies. Whilst these conditions are 
fundamental to species differentiation they also influence the extent of analytical 
interference, as with total Sb determinations.70•71 •88 
Aside from the optimisation of analytical components and chemical conditions the 
underlying procedure for sample and reagent introduction can be a critical factor. 
Batch, flow injection analysis (FIA) and continuous flow systems are commonly used 
for sample and reagent introduction to the hydride generation cell. Evaluative work 
on these techniques43•47 demonstrated lower detection limits for continuous flow and 
FIA; detection limits with AAS are reported as 2.97 ng, 0.21 ng mf1 and 0.007 ng for 
batch, continuous flow and FIA respectively. However, the FIA technique is 
recommended by de la Calle-Guntinas et at1 for speciation studies because of its 
continual non-equilibrium state resulting in less favourable production of SbH3 from 
Sb(V). 
Despite extensive method development, the application of hydride generation alone, 
coupled to AAS, AES and MS detection systems is somewhat limited for speciation 
studies as only the Sb(III) and Sb(V) species can be identified. Whilst oxidation state 
data are essential there is an increasing requirement for data relating to intrinsic 
chemical form of antimony and its organic and inorganic functionality. Hydride 
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generation applications that address this requirement include coupling with 
chromatographic separation techniques including high performance liquid 
chromatography inductively coupled plasma mass spectrometry (HPLC-ICP-MS),49 
gas chromatography atomic absorption spectrometry (GC-AAS)/0•25,3 1•91 gas 
chromatography mass spectrometry (GC-MS)31 and gas chromatography inductively 
coupled plasma mass spectrometry (GC-ICP-MS)?5•92•93 When using the 
HPLC-ICP-MS technique, the sensitivity of HPLC separations for inorganic Sb(IIl) 
and Sb(V) is enhanced by post column hydride generation, leading to near I 00 % 
transport efficiency, although only oxidation state speciation data are determined.49 
In the above GC applications hydride generation of aqueous methylated and inorganic 
antimony species is undertaken prior to separation and subsequent 
detection.20.25•31 •91 •93 These GC techniques are presently advantageous over HPLC in 
that they enable separations of a range of methylated antimonial species 
(mono-methylated, di-methylated and tri-methylated antimony) from inorganic 
species with detection limits in the lower pg g-1 range.92'93 However, problematic 
molecular rearrangements of methylated antimony hydrides have been reported31 •91 
giving rise to misleading and inaccurate analytical data. Dodd et aP1 alleviated such 
problems by flushing the reaction coil (in the hydride generation phase) with acetic 
acid, NaBH4 and distilled water prior to analysis although further qualitative HPLC 
separations are required to determine accurate speciation data. 
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2.1.2.2 Chromatographic techniques 
2.1.2.2.1 Chromatographic separations 
Chromatographic techniques for separation and identification of antimony species 
prior to detection are a developing area of analytical research. The intrinsic nature of 
HPLC separations makes them particularly suitable for aqueous speciation and the 
majority of studies identify aqueous antimony species using anion exchange columns, 
suggesting the predominance of anionic antimony species in aqueous 
environments.22•29.4s-so.si-sJ,94-1°° Cationic and reversed phase HPLC techniques have 
been evaluated for the determination of tri-methylated Sb(V) and inorganic Sb(V) 
species.29 However in these cases species separation is unsuccessful and at the very 
best no improvements are observed by comparison with anion exchange. 
The success of HPLC separation is dependent upon a number of critical parameters. 
This is further complicated when coupled techniques are utilised, since the limitations 
of the detection system must also be considered. For successful chromatographic 
separations and subsequent application to speciation studies, the aqueous species of 
interest require an affinity for the stationary phase and the chemical structure of both 
components must be considered. In addition to this, factors such as sample and 
mobile phase composition, flow rate, column width, column length, injection volume 
and external temperature can be influential. HPLC techniques for the determination 
of antimony speciation in aqueous samples are shown in Table A.S, see appendix A. 
Development work using anion exchange for antimony speciation has lead to the 
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successful separation of aqueous Sb(III) and Sb(V) species using Hamilton PRP-XIOO 
and Supelcosil LC-SAX I columns?9·49·50:;3•94·98•99 Elution of Sb(V) is achieved 
relatively easily because of its existence as a mono-negatively charged species, 
[Sb(OH)6L over a wide pH range (2.7-10.4)?9 However, with the majority of 
reported conditions Sb(V) elutes close to the solvent front or is simply not retained at 
all by the column.29'49·50•53•94•99 Krachler and Emons94 address this observation and 
achieve retention of Sb(V) and separation from Sb(JII) by using a Dionex Ion Pac 
AS4A column with a mobile phase of 1.25 mM EDTA at pH 4.7. In the case of 
Sb(III), problems with elution from chromatographic columns have been encountered 
including irreversible retention and peak tailing.29'49•96·97•100 These events are thought 
to occur as a result of on-column precipitation or the influence of di-negative charge 
in some species which have a greater affmity for the stationary phase and resist 
elution?9 Problems associated with the elution of Sb(III) species are alleviated to 
some extent by the use of mobile phases containing phthalate, although tailing peak 
shapes are still observed.29•49 A suggested reason for these observations is the 
preferential formation of negatively charged Sb(JII)-phthalate complexes with 
reduced affinity for the stationary phase.29 An additional method of improving the 
peak resolution ofSb(III) is to convert the species to a Sb(III)-citrate complex prior to 
analysis and this novel approach is reported by Zheng et af8 Interestingly, both 
Sb(V) and Sb(III) species are shown to form stable anionic citrate complexes at room 
temperature and electrospray mass spectrometry (ES-MS) identified the respective 
molecular structures as [Sb(OH)J(C6~H5)]' and [Sb(C60 7H6)2)". Complex formation 
is readily achieved by mixing Sb(V) and Sb(III) with citric acid solution (i.e. I 00 J,.lg 
mr
1 
antimony in 26 mM citric acid) and the associated chromatographic separation is 
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undertaken on a Hamilton PRP-XIOO column using 10 mM EDTA and I mM phthalic 
acid at pH 4.5. Contrary tq most Sb(V) and Sb{III) separations, the Sb(III) complex is 
eluted before Sb(V) and respective retention times are reported as 325 and 406 
seconds. Furthermore, both species are clearly resolved away from the solvent front 
and peak resolution of Sbiii is considerably enhanced. Similar chromatographic 
behaviour is observed for both oxidation states of antimony, in contrast to the 
majority of Sb(V) and Sb(III) separations and this is attributed to citrate-complex 
formation and similarities in molecular structure and charge. Other separation 
techniques for Sb(Ill) and Sb(V) species utilise mobile phases containing tartrate 
buffer,50•99 sodium citrate53 and Ethylenediaminetetraacetic acid (EDT A) with or 
without potassium hydrogen phthalate.91 '94-96 However, mobile phases containing 
EDTA are unsuitable for specific Sb(III) speciation due to the preferential formation 
of EDT A complexes. Other factors shown to influence elution of Sb(III) species 
relate to column specifications. An early attempt at Sb{III) and Sb(V) speciation 
failed to resolve Sb(III) on a 5 cm IC-Pack column and determination of these species 
was reported using a longer 25 cm PRP-XlOO column with a phthalate mobile 
phase.49 However, this resulted in lengthy retention times and poor peak shapes. The 
use of shorter column lengths has been proposed in attempt to reduce retention times 
and improve the peak resolution of Sb(III) species.50•96 Zhang et al0 demonstrate a 
method for Sb(III) and Sb(V) separation using a 2 cm guard column to reduce the 
retention times reported by Smichowski et al. 49 This is considered a sensible 
approach particularly when Sb(IIl) species are strongly retained on the column. 
Sb(III) was determined by initial conversion to the tartrate species with an optimised 
tartrate concentration in the mobile phase. This technique enabled elution of both 
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Sb{III) and Sb(V) species with very short retention times although the peak shape 
obtained for Sb(III) was still significantly broader than that obtained for Sb(V). 
Zheng et af6 also attempted to reduce the retention time and improve peak resolution 
of Sb(III) by using a l 0 cm Synchropak Q300 column in conjunction with 2mM 
phthalic acid and 5mM EDTA at pH 4.5. These conditions enabled elution ofSb(III) 
after 260 seconds although the peak resolution was not significantly improved. 
Whilst a range of chromatographic conditions are used for separation of Sb(V) and 
Sb(III), optimum detection limits are reported when using the Dionex Ion Pac AS4A 
column with a mobile phase of 1.25 mM EDTA at pH 4.7 and respective detection 
limits are reported95 as 12 and 14 ng r'. 
Separations of organ1c Sb(V) and inorganic Sb(V) are reported using 
Hamilton PRP-XIOO, Dionex Ion Pac AS4A and ION-120 columns with mobile 
phases containing potassium hydroxide, carbonate buffer and tetramethylammonium 
hydroxide.29•48•94•97•100 Optimum detection limits (5 ng r' for both tri-methylated 
Sb(V) and inorganic Sb(V)) are achieved by using Hamilton PRP-XIOO or Dionex Ion 
Pac AS4A columns.48 However, the Dionex column is more susceptible to matrix 
interference and this is demonstrated by the influence of model sodium chloride 
solutions.48•100 Matrix concentrations of sodium chloride above 0.05 % can promote 
significant interference with the Dionex AS4A column by comparison with a 
tolerance ofO.l-0.5% sodium chloride for the PRP-Xl 00.48•100 
Inorganic Sb(V) and tri-methylated Sb(V) species are easily chromatographed under 
the above described conditions although the elution of inorganic Sb(III) is 
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considerably problematic. Sb(III) is not eluted from the Dionex Ion Pac AS4A or 
ION-120 columns when using mobile phases required for the separation of inorganic 
Sb(V) and tri-methylated SbM.48•94 Furthermore, Sb(lll) is strongly or irreversibly 
retained on the PRP-XlOO column when phosphate buffer, carbonate buffer, 
potassium hydroxide and tetramethylammonium hydroxide mobile phases are 
used.29'97•100 Tri-methylated Sb(V) species are eluted exclusively in the solvent front 
when using the above described conditions29•48•94•97' 100 and electrospray ionisation 
mass spectrometry (ESI-MS) techniques have revealed evidence that cationic or 
neutrally charged tri-methylated Sb(V) species may form in aqueous solution.48•101 
The use of phosphate buffer as a mobile phase component is shown to lengthen 
retention times for tri-methylated Sb(V) species, however, a loss in sensitivity is also 
observed?9 This is suggested to result from the formation of anionic 
tri-methylantimony-phosphate compounds with an enhanced affmity for the stationary 
phase. Unfortunately these chromatographic conditions are unable to differentiate 
between different tri-methylated Sb(V) species although an interesting separation 
between organic Sb(V) and inorganic Sb(V) is achieved. 
Single chromatographic systems for simultaneous separation of inorganic Sb(III), 
inorganic Sb(V) and organic Sb(V) species are infrequently investigated and are 
difficult to achieve due to variations in chemical structure, charge and subsequent 
retention time. However, separations of this kind are reported to some extent in the 
literature.51 •52•94•97 Ulrich undertook early chromatographic method development 
work to achieve the separation of these species using a Hamilton PRP-X lOO column 
with phthalic and 4-hydroxybenzoic acid eluent systerns.51 •52 These studies describe 
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the development of a method for chromatographic separation of inorganic Sb(III), 
inorganic Sb(V) and dissolved tri-rnethylstiboxide (tri-methylated Sb(V)) and the 
subsequent application of this technique to environmental samples. The initial 
separation of these species is achieved using synthetic solutions although a broad, 
tailing chromatographic peak is observed for inorganic Sb(III). 51 As a result of this 
the sensitivity for inorganic Sb(III) is poor by comparison with both inorganic Sb(V) 
and tri-methylated Sb(V) and detection limits are reported as 3.11 ng mr', 0.51 
ng mr1 and 0.59 ng mr1, respectively.51 Separations with synthetic solutions were 
relatively successful in comparison with the application to soil and water samples 
from contaminated sites. 52 In the analysis of these environmental samples only Sb(V) 
is clearly resolved. The identification of both inorganic Sb(III) and tri-methylated 
Sb(V) is much less well defmed since the peaks are poorly resolved. More recent 
separations of inorganic Sb(V), inorganic Sb(III) and tri-methylated Sb(V) are 
attempted using an ION-120 anion exchange column and a size exclusion column 
(Asahipak GS520HG).94•97 However, both methods produce poor peak resolution for 
one of the three species and detection limits and sample applications are not reported. 
The ION-120 column is used with a mobile phase of 20 mM EDTA and I mM 
potassium hydrogen phthalate and whilst the inorganic Sb(V) and inorganic Sb(III) 
species are well resolved, tri-methylated Sb(V) elutes as a broad tailing peak. The 
Asahipak GS520HG column is used with a mobile phase of 50 mM Tris (pH 7.4). 
These conditions facilitate good resolution of inorganic Sb(V) and tri-methylated 
Sb(V) species although inorganic Sb(III) co-elutes with inorganic Sb(V) and 
sensitivity for the inorganic Sb(III) species is extremely poor. 
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Whilst a number of problems with HPLC techniques result primarily from Sb(III), the 
progression from identification of Sb{III) and Sb{V) oxidation states to organic 
tri-methylated Sb(V) species has been achieved. At present the only inorganic 
antimony compounds widely available and suitable for separation studies are 
potassium antimony(III)tartrate and potassium hexahydroxyantimonate(V). 
Tri-methylated Sb(V) species for development work are currently prepared by in-
house laboratory synthesis, which can raise questions about the purity of the 
compound and subsequent reliability of analytical results obtained. 
Naturally occurring humic and organic acids along with chloride and carbonate 
species in environmental systems are thought to significantly influence the solubility 
of antimony compounds as a result of complexation.51 Complexation of inorganic 
Sb(III), inorganic Sb(V) and dissolved tri-methylstiboxide with chloride, citric and 
tartaric acids has been examined by changes in chromatographic retention times.51 
However, this study produced spurious complexation data and no Sb(V) complexes 
were observed. A likely reason for this observation relates to the use of an 
inappropriate phthalic acid mobile phase, which has a complexing capacity stronger 
than the complexing agents under examination. Guy et af2 undertook an extensive 
investigation of aqueous Sb interactions with a-hydroxy acids and whilst 
complexation of Sb(lll) was not observed, evidence was presented for the formation 
of new Sb(V) complexes. In these studies a Dionex AS4A ion exchange column and 
ammonium chloride mobile phase were successfully applied to the separation of 
Sb(V) compounds associated with lactic, mandelic, DL-malic and citric acid. 
Furthermore, a chromatographic application was utilised for a series of controlled 
34 
mole-ratio complexation experiments. This determined the extent of ligand exchange 
and stoichiometric ratio of a-hydroxy acid ligands: Sb(V) in the separated complex 
molecules. The separation and mole-ratio experiments for the Sb-a-hydroxy acid 
complexes were performed using a HPLC-ICP-AES technique and stoichiometric 
data was obtained by monitoring the atomic emission lines of both Sb (204.597 nm) 
and C in the a-hydroxy acid ligand (193.026 nm). This in turn, aided the 
identification of molecular structure by the further application ofESI-MS and nuclear 
magnetic resonance (NMR) techniques. Complexation effects between Sb(V) and 
citric acid are also described by Zheng et af8 although a different molecular structure 
is postulated from the obtained electrospray mass spectra. A stable Sb(III)-citrate 
complex is reported to form in contrast to the observations of Guy et a/. 22 and this 
complex is suggested to prevent the oxidation ofSb(III) to Sb(V) in aqueous solution. 
2.1.2.2.2 Detection systems for chromatographic techniques 
The quantification of aqueous antimony species requires a highly sensitive detection 
system since total aqueous antimony concentrations are typically found in the ng mr1 
range. Coupling of a chromatographic separation technique with a sensitive detection 
system promotes both qualitative and quantitative aqueous speciation data and 
chromatographic techniques for antimony speciation utilise HG-AAS,49•50 ICP-AES52 
and ICP-MS29•48•49•51 •52 and HG-AFS99'100 detection. At the time of the review, 
Srnichowski et a/84 noted that a number of analytical techniques for determination of 
aqueous antimony speciation in environmental matrices required preconcentration 
steps to achieve detection limits in the low ng mr1 range and that applications to 
spiked water samples, rather than environmental samples were most commonly 
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reported. Since the publication by Smichowski et a/84 a number of developments are 
noted in this field of analytical research and this is reflected in recent literature. The 
1• fHPLC . . d . h ICP MS294192939596 d coup mg o to sens1t1ve etectton systems sue as - · · · · · an 
HG-AAS/ AFS25·50·53·94·99•100 has facilitated collection of aqueous antimony speciation 
data with detection limits in the ng ml-1 and pg ml-1 range. HPLC-HG-AFS 
techniques are capable of good analytical performance in terms of linearity, detection 
limits and freedom from analytical interference although they are only recently 
lied h I . f . . . 99 loo T d h lar app to t e ana ys1s o aqueous antimony spec1at1on. · o ate t e most popu 
technique is HPLC-ICP-MS and a number of applications have been observed in 
recent years_25.29·48·51 •92•93·95·96·98 The optimisation of mobile phase composition and 
ICP-MS parameters is fundamental to high quality analytical data when using 
HPLC-ICP-MS techniques and the choice of ultrasonic or pneumatic nebuliser for 
sample introduction to the ICP-MS requires careful consideration. Use of an 
ultrasonic nebuliser (USN) may facilitate an overall increase in instrument sensitivity 
due to more efficient aerosol formation. However, antimony is reported to leach from 
glass and stainless steel HPLC components when using alkaline mobile phases and 
these combined effects may decrease signal-to-background noise and reduce 
instrument sensitivity.48'95 Krachler and Emons95 describe the use of a USN for 
aqueous antimony speciation by HPLC-ICP-MS and report detection limits for 
inorganic Sb(V), inorganic Sb(III) and tri-methylated Sb(V) in the low pg mr1 range. 
These detection limits are amongst the lowest reported values for aqueous antimony 
speciation by HPLC-ICP-MS although comparable detection limits have been 
achieved when using pneumatic nebulisation for tri-methylated Sb(V) and inorganic 
Sb(V).48 Further improved analytical sensitivity may result from the incorporation of 
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post-column hydride generation (HPLC-HG-ICP-MS).49 This application of hydride 
generation promotes efficient sample transport to the detection system and enables 
detection limits of0.40 ng ml"1 and 0.08 ng ml"1 for Sb(III) and SbM respectively.49 
In the same study detection limits for HPLC-ICP-MS alone are reported as 7.5 and 0.9 
ng ml- 1 for Sb(III) and Sb(V), respectively.49 
2.1.2.3 Other less common techniques 
Aside from the described hydride generation and chromatographic techniques, a 
number of less common analytical techniques are also utilised for the determination of 
aqueous antimony speciation. These techniques utilise either pre-analysis or in-line 
species separations. (See appendix A, Tables A.6 and A. 7). 
Pre-analysis species separation techniques differentiate between Sb(III) and Sb(V) by 
exploiting species-specific complexation or adsorption mechanisms prior to analyte 
detection. The reaction of Sb(III) or Sb(V) with complexing reagents (lactic acid and 
Malachite Green, diphenylbenzamidine and Brilliant Green, ammonium 
pyrrolidinecarbodithiolate, sodium diethyldithiocarbamate, fluorinated 
dithiocarbamate and dibenzyldithiocarbamate) facilitate quantitative species 
determination by selective extraction prior to detection47•102"105 or in-situ 
spectrophotometric detection. 106 Detection limits with these techniques are typically 
in the ng mJ-1 range, although a 1.0 pg mr 1 detection limit is reported using NAA 
instrumentation. 102 Adsorption techniques utilise species-specific elution from 
thionalide-loaded acrylic polymer, Polyorgs 31 and activated alumina to determine 
quantitative data. 107-110 These techniques allow detection limits similar to those 
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obtained from complexation reactions (down to 2.5 pg mL-1) and are used in 
conjunction with both NAA!02•103•105•107•108 and GF-AAS47' 109' 110 detection systems. 
Less common in-line species separations utilise selective hydride generation in 
conjunction with cryogenic trapping together with AAS and gas chromatography 
photoionization detection (GC-PID)?4•111-113 These trapping systems enable enhanced 
preconcentration of the analyte prior to detection and subsequent detection limits are 
reported24 around 0.3 pg ml-1• Additional in-line techniques include hydride 
generation coupled with atomic fluorescence detection (HG-AFS),87•114 GC with 
fluorine induced chemiluminescence and mass spectrometric detection 115 and capillary 
electrophoresis with UV or lCP-MS detection. 116•117 
The detection limits for these less common techniques are generally acceptable 
although the extent of qualitative data are often limited, as only a single aqueous 
species is selectively determined. The majority of techniques differentiate between 
total antimony and a single oxidation state enabling determination of a second 
oxidation state by subtraction. These techniques are inadequate for most present day 
speciation studies since more detailed, chemical speciation data is required. A less 
common analytical technique with enhanced species selectivity utilises chelation and 
cocrystalisation for isolated Sb(lll) and Sb(V) determination. 103 However, this 
technique relies upon extensive pre-analysis species separation and the in-line hydride 
generation or chromatographic techniques are generally considered more favourable. 
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2.2 The determination of antimony in soils, sediments and biological materials 
2.2.1 Total antimony determinations 
2.2.1.1 Sample preparation 
The majority of analytical systems for trace metal determination require sample 
introduction in the liquid state .. For determination of metals in solid materials it is 
necessary therefore to use matrix digestion techniques that sufficiently dissolve the 
solid sample matrix and release the analyte of interest into solution. Whilst these 
digestion techniques allow total antimony determinations for solid samples, data for 
solid state partitioning are often unobtainable because most digest reagents chemically 
alter the sample integrity. Matrix digestion techniques for the determination of total 
antimony in solid samples are shown in Table A.8, see appendix A. 
For antimony determination solid sample matrices are often decomposed at high 
temperature in acidic media/0•81 '113' 118'128 although dry-ashing with Mg(N03)2 is also 
used. 11 '129 The choice of acid for matrix digestion depends largely upon the matrix 
composition and to be effective, sample digestion must efficiently destroy the matrix 
and release antimony in a form compatible with the chosen analytical method. The 
determination of antimony in biological samples is often undertaken using mixtures of 
oxidising acids (H2S04, HNOJ, HC104) and H20 2 to decompose matrices with high 
organic content.66•70·81 '113' 120•122' 125·127 However, when these reagents are used to digest 
materials including soils and sediments with high silicate content, poor recoveries in 
the region of I 0-56 % are reported.47'66'70'113'118'119 Suggested reasons for these 
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observations include the fonnation of insoluble Sb(V)-silicate complexes in the 
presence of oxidising acids and the specific fonnation of insoluble SbOCl compounds 
when perchloric acid medium is used.66•100 Improved sample dissolution is achieved 
by using HF in conjunction with the above oxidising reagents. These digest mixtures 
enable mean recoveries in the region of 94-132 % and both microwave and hot plate 
heating systems are utilised.81 '121•126' 128•130•131 The mineral acid, HCI, is also used for 
matrix digestion and the application of this reagent can improve the recovery of 
antimony from soils and sediments by up to 90 % in comparison with some oxidising 
acid techniques and recoveries are reported in the range of 90-ll 0 %. 11 •66•120 
However, matrices with high organic content such as biological tissues may be 
insufficiently decomposed by HCI alone and this factor may contribute significantly 
towards low antimony recoveries for some environmental samples. Anderson and 
Isaacs66 evaluated the use of HCI (sequential procedure utilising 12 M and 5 M HCI 
respectively) for open-vessel, high temperature (up to 150 °C} digestions of reference 
materials including pine needles and liver tissue, although surprisingly recoveries of 
0 % antimony were reported from these samples. In the absence of significant 
evidence, these anomalous results were attributed solely to the inadequate acid 
strength of HCI and insufficient matrix decomposition. However, other sources of 
analytical error including the potential for loss of antimony by volatilisation appear to 
have been overlooked and preventative measures to control volatilisation are 
discussed below. 
Heating systems reported for HCI digestion include furnace, 11 •129 hot block66•119•120 
and sand bath teclmologies. 118 The furnace technique utilising dry-ashing with 
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Mg(N03) 2 is shown to be suitable for matrices with variable organic content and 
successful digestion of both soil and herbage samples is reported. 11•129 Analytical 
errors during soil digestion for total antimony are reported as <1 0 %11 and recovery of 
antimony from herbage reference materials ranges between 96-107 %. 129 HCI 
digestion with sand bath and hot block heating systems are evaluated for total 
antimony determination from a range of geological samples including rocks, soils and 
sediments.66•118' 120 However, these digestion techniques are shown to produce 
variable analytical results and their subsequent application to future environmental 
analysis may require careful consideration if accurate data is to be obtained. 
Asami et a/118 report HCI digestion with a sand bath heating technique and obtain 
recoveries from soil samples in the region of 44-97 %. Pahlavanpour et a/119 report 
HCl digestion with a sealed vessel hot block technique and obtain recoveries from soil 
and rock samples in the region of 36-100 % and I 03-177 % respectively. Anderson 
and Isaacs66•120 report HCl digestion with an open vessel hot block technique an 
obtain recoveries from soil and sediment samples in the region of80-l23 %. 
Low or variable recoveries of total antimony from solid samples may result from the 
loss of antimony by volatilisation in addition to insufficient acid strength and 
incomplete matrix decomposition. A number of reported digest techniques involve 
rigorous heating in open vessels and sample evaporation.66•70•81 •113•120•122•123•128 Loss of 
volatile antimony species including SbCb and SbCI5, may be promoted with these 
techniques, particularly if high antimony concentrations are present in the sample. 
The volatilisation of antimony can be prevented by the use of carefully adapted 
digestion techniques with physical or chemical mechanisms to retain volatile 
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antimony at high digest temperatures. Suitable techniques include the use of closed 
vessel-microwave,70"121 ' 124'126'127 open-vessel dry-ashing with Mg(N03)2, 11 ' 129 and 
open-focussed microwave124'125 technology. The majority of recently published 
techniques utilise closed-vessels with microwave heating systems to physically 
prevent volatilisation of antimony at high temperatures. These techniques are 
advantageous because high temperatures and pressures are developed inside the 
digestion vessel and rapid matrix decomposition is enabled. Furthermore, a number 
of samples may be digested simultaneously. However, the use of specialised 
digestion vessels is essential to these techniques since they prevent analyte loss 
through venting or vessel rupture during the heating phase. The use of open-focussed 
microwave techniques avoids high-pressure build-up during digestion and loss of 
volatile antimony is prevented by the use of vapour condensing reflux systems. These 
techniques enable digestion of larger samples by comparison with closed vessel 
systems (Lamble and Hi11132 suggest up to 15 g of sample per vessel) although 
potential for multiple and simultaneous sample digestions are often limited with 
focussed microwave systems. 132 The furnace technique utilising dry-ashing with 
Mg(N03)2 oxidises organic material in the sample during the heating phase and the 
formation of involatile Sb-complexes is suggested to occur. 11'129 These chemical 
reactions are thought to prevent volatilisation of antimony at high temperatures 
avoiding the necessity for a closed vessel system, although application of this 
technique may be inappropriate for samples with low organic matter content. Ash 
generated in the heating phase is re-dissolved in HCI at room temperature prior to 
analysis. This technique enables multiple and simultaneous digestion of samples 
(sample number depending upon the size of the furnace) and the technique is 
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relatively inexpensive by comparison with the described microwave techniques. 
However precautions are required to prevent cross contamination during the heating 
phase and loss of residual ash prior to dissolution. 
Whilst a number of digestion techniques are available for total antimony 
determination in solid environmental samples, recent improvements in matrix 
digestion techniques have resulted largely from advances in microwave technology 
and microwave heating systems have become increasingly popular in recent years. 
These techniques offer the advantages of less reagent and sample usage, reduced 
sample cross contamination, reduced analyte loss by volatilisation and improved 
safety features during digestion. 133 Microwave digestion techniques currently make a 
significant contribution to the analysis of solid sample matrices and particular 
advantages are observed with volatile elements. 
2.2.1.2 Detection systems 
A range of analytical techniques exist for the determination of antimony in solid 
samples and this results largely from the application of matrix digestion prior to 
analysis. The use of these sample preparation techniques can allow total antimony 
determination from solids using detection systems more commonly used for aqueous 
samples.59•66•70•118•130•131 •134-137 However, other analytical techniques are also available 
allowing sample introduction in a dry or slurried form.47•138•145 Table A.9 (see 
appendix A) shows analytical techniques for the determination of total antimony in 
soils, sediments and biological material. 
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Matrix digestion, liquid sample introduction and subsequent detection with AAS, 
ICP-AES and ICP-MS is often used for the determination of total antimony in rocks, 
soils and sediments.59'66'70"118' 130' 131•135•137 The use of hydride generation in 
conjunction with ICP-AES is the most commonly used detection system and 
improved sensitivity resulting from the production of volatile SbH366•70•130•137 allows 
detection limits for solid samples in the region of 0.4-0.8 ng ml-1• Slurry sampling 
techniques are also used for total antimony determinations in solid matrices and the 
analysis of airborne particulate material, soils and sediments is reported using AAS 
d . 47 t3s t43 t« Th hni · · · 1 1 · etectton systems. · · · ese tee ques requrre mtmma samp e preparation 
and detection limits of around 8-30 ng mr1 are generally reported. However rapid 
sample analysis, choice of suspension medium and intrinsic particle size is critical for 
stability of the slurry, reduction of background noise and overall accuracy of the 
analytical data. 138•143' 144 
Less common analytical techniques for the determination of total antimony in solid 
samples include the use ofNAA, 83•139'140 photon activation analysis (PAA), 142 ASV, 134 
HG-XRFS 136 and UV spectrophotometry.81 Applications of NAA and PAA are 
advantageous for antimony determination in solid matrices because samples are 
analysed in their solid state and minimal sample preparation is required. However, 
these techniques can be insufficiently sensitive for determination of naturally 
occurring antimony concentrations. Detection limits for P AA are not reported 
although for NAA83 analyte detection is achieved at 0.5 Jlg g- 1• ASV, HG-XRFS and 
UV spectrophotometry require liquid sample introduction and detection limits are 
reported around l ng ml- 1, 30 ng mr1 and 0.005 ng ml-1 respectively. The described 
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UV spectrophotometric technique enables excellent limits of detection for total 
antimony determination and this is attributed to the use of a preconcentration 
mechanism which is derived from the formation of a highly absorptive antimony 
complex with the triphenylmethane dye- crystal violet prior to analysis.81 
The majority of analytical techniques described can be used for total antimony 
deterrninations in both solid and aqueous samples with varying degrees of sample 
preparation. However enhanced interference effects resulting from high matrix ion 
concentrations often compromise the quality of analytical data for solid sample 
analysis. Detection limits for ICP techniques can deteriorate by around 25 ng mr1 
when the digested product of a solid matrix is analysed. However interference effects 
with MS detection are less severe by comparison with AES techniques and this results 
from the high m/z ratio ofSb isotopes and subsequent low spectral interference. The 
analysis of solid sample digestion products with HG-ICP-AES is prone to enhanced 
interference effects during the hydride generation phase and particular problems result 
from high transition metal concentrations in the sample solution. 130 In addition to this, 
high Fe concentrations (often present in soil and sediment samples) prevent the 
complete reduction of Sb to SbH3 and this can lead to low Sb recoveries, particularly 
when KI is used as a pre-reductant.66 Problematic spectral interferences with AES 
detection result from Cu, N~ Co and Cr ions66•70' 130•137 and an interference study by 
Anderson and Isaacs66 demonstrates complete signal suppression at 231.147 nm by Ni 
and Co when present in concentrations around 2 %. Furthermore, a signal 
enhancement of 50 % at 206.833 nm was observed with a 2 % concentration of Cr 
ions.66 Additional mutual interference effects may result from Se ions130 and this 
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element reduces the Sb signal by 50 % when present at concentrations around 
10 J,lg mr'. Novel techniques for the alleviation of hydride generation interference 
with solid sample analysis include the application of oblique hydride generation.130 
However the reduction of specific chemical interferences derived from Fe, Ni, Co and 
Cu ions is achieved by adjusting chemical conditions, as described previously with 
hydride generation for antimony determinations in aqueous samples. (See sections 
2.1.1 and 2.1.2.1) 
Interference effects with AAS analysis can also be significant and detection limits 
with these techniques may deteriorate by around 20 ng ml-1 as a result of solid sample 
dissolution and high ~trix ion concentrations. The presence of high As content in 
solid samples is reported to interfere with Sb determination using HG-AAS as a result 
of depressive gas phase reactions during the atomisation.61 However other 
interferences are reported to result from elements such as Al, Ge, Ni, Sn and Si. 118•138 
The removal of matrix ions prior to analysis can alleviate interference effects resulting 
from solid sample analysis and this is achieved by the application of selective 
extraction or eo-precipitation procedures.61 Spectral interferences from Si during 
slurry sample analysis can also be removed by use ofHF at concentrations of 40-60% 
in the suspension medium. This facilitates the removal of Si from the sample during 
the heating phase with no detrimental effects to the analytical instrumentation. 138 
Analytical interference effects with less common analytical techniques are 
infrequently reported in comparison with ICP and AAS techniques. However, 
interference effects with HG-XRFS, ASV and UV spectrophotometry are reported for 
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aJ . d . . . lid l 81 134 136 tot antunony etenrunat1ons m so samp es. · · HG-XRFS suffers from 
interference's derived from hydride generation although contributory effects from Cu 
ions are removed by eo-precipitation of antimony with lanthanwn hydroxide. 136 ASV 
techniques tolerate most interfering metal ions up to concentrations around 
1 X 1 0"5 mol r1 but concentrations of I X 10"5 mol r1 Ge(IV) and 5 X 10"5 mol r1 Ta(V) 
depress the Sb signal by 36 % and 54 % respectively. 134 In addition to this, 
interference from Hg is reported at concentrations around 1 x 10-3 mol r1 and the 
formation of a Sb-Hg amalgam is suggested to be responsible. 134 Specific 
interference's from Hg may be masked by the addition of sodium citrate and the use 
of chemically modified carbon paste electrodes can alleviate interference effects from 
metal ions with ASV by increasing the aff"mity of the electrode to the target analyte. 134 
Interference effects with UV spectrophotometric techniques may result from Hg, Tl 
and Au ions although the most significant interference is suggested to result from 
fulvic acid. 81 This substance competes with the essential complexing agent 
(crystal-violet) and reduces the sensitivity of the technique by forming 
antimony-fulvic acid complexes. Particular problems may result therefore with the 
analysis of environmental samples when this technique is utilised. 
The determination of antimony in solid samples can be undertaken utilising solid, 
liquid or slurry sample introduction and careful choice of an analytical technique is 
required since this pre-determines the extent of sample preparation. To date the 
application of matrix digestion prior to HG-ICP-AES detection is most commonly 
used for the analysis of solid sample components and this is reflected in the recent 
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literature. However, the advantages of ICP-MS over ICP-AES detection are 
becoming increasingly recognised in terms of both reduced analytical interference and 
potential sensitivity. 
2.2.2 Solid state partitioning and leaching 
Techniques for the determination of total antimony in soils, sediments and solid 
wastes are an essential tool for environmental analysis however these techniques 
provide little information with regard to biotic and abiotic environmental interactions. 
The solid state partitioning of antimony therefore requires elucidation, since this 
identifies the associations of antimony with specific particulate phases within 
environmental matrices. Chemical extractions can facilitate an indirect estimation of 
solid state partitioning in operationally defmed fractions and enable estimations of 
element availability. However, chemical fractionation cannot be accurately identified 
due to the nonselectivity of the extractants and the possibility of element 
redistribution during extraction. Lintschinger et a/19 and Hammel et a/146 describe 
single extraction techniques to assess the availability of antimony in contaminated 
soils and extractions are undertaken using water, ammonium nitrate and EDTA to 
estimate teachable, exchangeable and plant available fractions respectively. Single 
extractions are further applied 19 to estimate antimony release from desorption and 
anion exchange mechanisms and the associations of antimony with iron and 
aluminium oxides, manganese oxides and organic matter. These extraction 
procedures utilise ammonium dihydrogen phosphate, ammonium oxalate, acidified 
hydroxylamine hydrochloride and potassium hydroxide reagents respectively. 
Sequential extraction procedures are also reported for investigation of antimony's 
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availability and solid state partitioning in soils, sediments and geological reference 
rnaterials. 19•145•147•148 These techniques are based on previously reported Tessier-based 
methodologies149•150 and involve 3-5 consecutive sample extractions to estimate 
antimony concentrations in fractions corresponding to teachable, readily 
exchangeable, carbonate, easily reducible/amorphous iron and aluminium/manganese 
oxide, moderately reducible/crystalline iron and aluminium oxide, sulphide and 
organic/sulphide phases. Leachable or interstitial and readily exchangeable fractions 
are estimated by extracting with reagents such as water and magnesium nitrate or 
ammonium sulphate respectively, 145' 147"148 whilst carbonate fractions are estimated 
using acetic acid. 19 Easily reducible or amorphous iron and aluminium oxide or 
manganese oxide fractions are estimated by extraction with acidified hydroxylamine 
hydrochloride or ammonium oxalate/oxalic acid. 145•147 However, use of the former 
reagent can facilitate improved selectivity by extracting the manganese oxide fraction 
without attacking the iron oxide phase. 19' 147 Moderately reducible or crystaline iron 
and aluminium oxide fractions may be estimated using ammonium oxalate/oxalic acid 
extractants in conjunction with ascorbic acid 145•147' 148 although a clear conflict is 
observed with regard to the reagent selectivity. Sulphide fractions are estimated using 
sodium hypochlorite148 and organic/sulphide fractions are estimated using 
ammonium/sodium acetate following oxidation with hydrogen peroxide. 19•147 
Leach test methodologies can be applied in addition to the above chemical extractions 
to investigate mobile and bioavailable trace-elements fractions and studies with 
antimony examine sediments and fly-ash incineration wastes. 18•105•145•151 Cumulative 
and long term release of antimony from sediment samples is assessed under aerobic 
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conditions using deionized water at natural pH18'145 and a pH static test is also 
described to assess the influence of leachant pH on antimony mobilisation. 18 
However, only short-term leaching studies (6-24 hr) have been conducted on fly-ash 
incineration waste. 105' 151 
To date solid state partitioning, mobility and factors that influence the leaching of 
antimony in environmental samples are incompletely· understood. Whilst 
considerable research is directed at analysis techniques for total antimony and 
aqueous speciation, few studies focus on the associations of antimony with intrinsic 
soil and sediment components. The application of chemical extractions and leaching 
experiments will aid an improved understanding of these associations. However, the 
suitability of Tessier-based extractions is questionable in view of antimony's 
extensive anion chemistry and careful consideration is required when undertaking 
high temperature extractions to avoid losses of antimony by volatilisation. 
2.3 Summary 
The determination of total antimony concentrations commonly found in aqueous 
environmental samples is readily achievable as a result of technological advances 
with analyte detection systems and the development of ICP-AES and ICP-MS 
techniques. Total antimony determinations from solid samples also benefit from these 
detection systems although liquid sample introduction is often required and 
pre-analysis matrix digestion can be problematic. Advances in microwave digestion 
technology provide a great deal of scope for determination of antimony in solid 
matrices and prevention of analyte loss by volatilisation. However, the choice of 
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digest reagents requires careful consideration to ensure adequate matrix dissolution 
and prevent the formation of insoluble antimony-bearing precipitates. Enhanced 
analytical interference effects can be problematic during the analysis of total 
antimony in solid sample digest products. Although the reduced spectral interferences 
resulting from MS detection are increasingly recognised and the application of 
ICP-MS detection is likely therefore to gain in popularity. 
Available techniques for the determination of aqueous antimony species utilise both 
pre-analysis and in-line species specific separations prior to detection. However, the 
majority of published techniques including common applications of Hydride 
Generation are insufficiently selective for the elucidation of detailed chemical 
speciation. As a result of this the development of in-line techniques with improved 
species specificity has become an active area of analytical research. At present the 
application of chromatographic techniques coupled with ICP-MS detection 
(HPLC-ICP-MS) are in the early stages of development for aqueous antimony 
speciation. These techniques offer the potential for highly selective aqueous species 
separations and identification of detailed chemical speciation data with superior 
detection limits. The majority of studies utilising chromatographic techniques for 
determination of aqueous antimony speciation focus on the separation of Sb(Ill), 
Sb(V) and tri-methylated Sb species. However, problems encountered with 
simultaneous separations of multiple aqueous antimony species are difficult to 
overcome and often only inorganic Sb(III) and inorganic Sb(V) or inorganic Sb(V) 
and to-methylated Sb(V) species can be separated on a single chromatographic 
system 
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The majority of published analytical research relating to the environmental analysis of 
antimony is focused largely upon the determination of total antimony and aqueous 
antimony speciation. To date few studies investigate the long-term stability and 
bioavailability of antimony species in solid environmental matrices, particularly soils, 
sediments and solid wastes. An improved knowledge of antimony's aqueous 
speciation and solid state partitioning is fundamental to understanding the significance 
of antimony concentrations in environmental systems. Associations of antimony with 
solid environmental matrices including soils, sediments and solid waste influence the 
extent of release and mobility in environmental systems. Furthermore, the intrinsic 
chemical speciation of mobilised antimony can determine its bioavailability and 
potential toxicity. The majority of antimony's environmental chemistry is at present, 
incompletely understood. However, there is considerable scope for analytical 
research within this field. Extensive research in relation to solid state partitioning and 
continued developments with chromatographic separations will prove essential to the 
elucidation of antimony's environmental chemistry. 
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CHAPTER3.0 
EXPERIMENTAL METHODOLOGIES 
This chapter details experimental methodology used for analysis of soils, waters and 
leachate solutions and includes sample collection, preparation and analysis techniques. 
The underlying principles and relevant advantages and disadvantages of these techniques 
are summarised in the context of their application. Section 3.1 describes the use of 
specific soil analysis techniques and section 3.2 describes techniques for analysis of 
antimony in waters, leachates and processed soils. 
3.1 Analysis of soils 
3.1.1 Sample collection and preparation 
Ten sub samples of surface soil (0-15 cm depth) are collected from each 0.25 m2 
sampling point using a stainless steel soil auger or trowel (depending upon the quantity 
and physical characteristics of the soil sample required). Sub samples are bulked together 
in order to increase the representivity of the sample and are stored in 'wet-strength' paper 
bags prior to transportation back to the laboratory and oven drying at 30°C for two 
weeks. Dried soils are disaggregated using a mortar and pestle and sieved through a 2.0 
mm (square holed) stainless steel sieve. A proportion of the < 2.0 mm soil fraction is 
then selected using the 'coning and quartering' technique and milled to <180 J.lm in a 
Tema mill. < 2.0 mm and < 180 J.lm soil fractions are then stored in re-sealable plastic 
bags or acid washed high density polyethylene containers (depending upon sample size) 
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prior to use. Soil samples (<ISO J.Lm fraction) used for laboratory based batch 
experiments are homogenised on a horizontal roller-mixer at 30 r.p.m for two weeks prior 
to usage. 
3.1.2 Characterisation of soils 
Section 3.1.2.I describes methodologies for the determination of pH, organic matter 
content and particle size distributions of surface soils. Section 3 .1.2.2 describes 
methodologies used for the determination of antimony-specific soil characteristics 
including total element concentration, solid state partitioning and characteristics of 
antimony release. 
3.1.2.1 Physico-chemical characteristics 
3.1.2.1.1 Soil pH 
Soil pH is determined in the presence of both analytical grade water (Milli-Q water) and 
O.OIM CaCh (Analar) and the procedures used are adapted from previously reported 
methodologies. 152 The pH meter (Jenway 3305) is initially calibrated with automatic 
temperature compensation using buffer solutions at pH 7.0 and pH 4.0 in order to bracket 
the anticipated soil pH range. The analysis procedure involves weighing 5 g of the dry, 
< 2.0 mm soil fraction (in duplicate) into a beaker and adding IO ml ofMilli-Q water or 
O.OI M CaCh solution followed by periodic stirring for 30 minutes prior to pH 
measurement. Contrary to the published I: I ratio (m/v) for soil:solution152 an adapted I :2 
(m/v) ratio 
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was required to slurry the surface soils sufficiently for analysis. Soil pH measurement is 
achieved by lowering the pH electrode and temperature sensor into the slurry to the 
soil-water interface and reading the observed pH value displayed by the meter. Soil pH 
measurements are undertaken in Milli-Q water and 0.01 M CaC]z solutions for 
comparative purposes. However, 0.01 M CaCh medium is generally the preferred 
medium for soil pH measurements due to the potential for reduced interferences from 
suspension effects and variable salt contents such as fertilizer residues. 152 
3.1.2.1.2 Organic matter content 
Loss on ignition techniques (LOI) are generally considered to be acceptable for the 
approximation of organic matter content (or organic carbon content in non-calcareous 
soils following the application of a correction factor) in soils. However, weight losses 
and the subsequent calculation of organic matter content are often over estimated with 
these techniques due to additional losses of clay mineral-bound water, volatile salts and 
ammonia during combustion and these over estimations can be particularly serious in 
soils with low organic content. The potential for over estimation of weight loss may be 
reduced by using lower ashing temperatures although caution is required to ensure 
complete organic matter combustion. Workers have investigated a range of ashing 
temperatures for soils in the region of 360-600 °C. 152•153 However, the ashing 
temperature of 550 oc is reported to provide satisfactory results for a wide range of soils 
and has subsequently been recommended for usage. 153 
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This study describes the detennination of organic matter content in surfuce soils using a 
loss on ignition technique adapted from two previously published methodologies152•153 
and includes the analysis of reference soils GBW07405 and GBW073II. The method 
involves accurately weighing out 2 g of bulked surface soils (in duplicate) to a 
pre-weighed crucible and drying initially at I 05 oc for 2 hours in a muffie furnace. 
Following cooling to room temperature in a desiccator the soil and crucible is re-weighed 
to determine weight of the dry soil. The soil is then ashed at 550 oc for a further 2 hours 
in the muffle furnace to facilitate combustion of organic material, allowed to cool to 
room temperature in a desiccator and re-weighed to determine weight loss on ignition. 
The associated organic matter content is calculated using the following equation: 
Loss on ignition (%) = wt loss (g) x I 00 
oven dry wt (g) 
3.1.2.1.3 Particle size distribution 
Particle size distributions can be determined in surface soils to identify relative 
proportions of sands, silts and clays. However, with this particular method sample 
preparation is required in order to homogenise and remove organic matter and fibrous 
material prior to analysis. Dried surface soils(< 2.0 mm fraction) are re-seived through a 
2.0 mm 'round-holed' sieve and a sub sample (approximately 5 g, selected using the 
'coning and quartering' technique) is transferred to a beaker. Approximately 30 ml of 
6% H20 2 is then added to the beaker (whilst in a warm water bath) and allowed to oxidise 
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the organic matter until no further effervescence is observed. At this point any fibrous 
material is eKtracted from the surfuce of the resulting suspension. Samples are then 
placed in an oven overnight at 50 °C and allowed to evaporate to dryness. Dried samples 
are thoroughly mixed with a few drops of deionised water to produce a thick, 
homogeneous slurry. Instrumental analysis is then undertaken on the sample using Low 
Angle Laser Light Scattering (LALLS) with recirculating slurry sample introduction.203 
(A schematic ofthis set-up is shown in Figure 3.1.) 
LALLS is often the preferred analytical instrumentation for particle size analysis in the 
0.1-2000 J.lm range and is used largely in industry for quality control procedures. Typical 
instrumentation consists of an intense coherent light source (laser) with fixed wavelength, 
a suitable detection system (usually a photosensitive silicon plate) and a means of 
introducing the sample into the path of the laser beam. In this particular instrumentation 
the sample is introduced in the form of a recirculating slurry and a surfactant is used 
(0.1% Calgon) to ensure that primary particle size is maintained throughout the analysis. 
The instrumentation relies on the fuct that the angle of diffraction (resulting from 
incidence of the laser on the particle surface) is inversely proportional to particle size. 
The slurried sample is therefore introduced into the laser beam and the eKtent and pattern 
of light diffraction is registered by the photosensitive silicon detector and interpreted 
using computer software to provide a distribution of particle sizes. This instrumental 
technique is generally considered to be advantageous for particle size analysis because 
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instrument calibration is not required prior to use and highly reproducible data can be 
obtained over a wide range of particle sizes (0.1-2000 Jlm) in less than one minute per 
sample. 
3.1.2.2 Antimony-specific characteristics 
3.1.2.2.1 Total element concentrations 
A diverse range of digestion techniques is available for determination of total antimony 
in soils. However, the choice of methodology for this particular application requires 
careful consideration due to the element's high volatility, and in mine wastes its 
association with sulphides from the mineral ore. Suitable digestion techniques for 
determination of total antimony concentrations require physical or chemical retention 
mechanisms to prevent analyte loss by volatilisation at high temperatures and highly 
oxidising conditions may also be required for decomposition of highly organic or 
sulphide-rich soils. 
Three digestion techniques are subsequently selected for evaluation prior to field sample 
analysis and methodologies include digestion in open and sealed vessels, a range of 
heating systems and a range of digest reagents. These digest procedures are designated 
methods A, B and C and digestion protocols are shown in Figures 3.2, 3.3 and 3.4 
respectively. Method A is an adapted open vessel, wet-ashing, furnace technique, 
previously utilised successfully by Pahlavanpour et a/129 for total antimony 
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DIGESTION METHOD A3 
Ashing with Mg(NOJ~ 
Weigh 0.25g soil (<180 J.!mfraction) 
in a 50 ml beaker. 
Add lmlof 
saturated Mg(N03) 2 solution. 
Place beaker in furnace and set 
temperature to 450 °C. 
Switch on and leave for 6 hours. 
Allow beaker to cool before adding 5ml of 
cone. HC~ allow to stand for 10 mins. 
Cover beaker with lab film. 
Place on a rocking machine and leave overnight. 
Decant into test tubes. 
Allow undissolved material to settle. 
Dilute liquid as required. 
Figure 3.2 
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DIGESTION METHOD B4 
Hot block with cone. HCI 
Weigh 0.25g soil ( <180 JliD fraction) 
to a test tube. 
Add 3ml of 12 M HCI. 
Allow to react for 1 hour in fume hood. 
Initial 
Ambient 
Place test tube into hot block. 
Digest soils using the heat ramp below. 
Time to Final Final temp. hold 
temp., min Temp., oc time, min 
60 70 30 
30 140 90 
20 150 20 
Cool sample to ambient temperature. 
Add 6ml of 5M HCI. 
Mix and heat at 95 °C tor 15 mins. 
Filter suspension to a volumetric flask, 
make to volume and dilute as required. 
Figure 3.3 
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DIGESTION METHOD C 
Closed vessel microwave 
Weigh 0.4g soil ( <180 J.Lffi fraction) 
to a 'teflon bomb' . 
Add 2ml of 35% H20 2• 
Add 5ml of cone. HN03. 
Leave loosely capped overnight. 
Secure the lid and place into 
the microwave oven. 
Irradiate 4 samples for 2 minutes 
at medium power. 
Allow at least 15 mins for samples to cool 
after irradiation. 
Filter the remaining suspension into a 
volumetric flask. 
Rinse out the bomb and transfer washings 
to the volumetric flask. 
Make to volume and further dilute as required. 
Figure 3.4 
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detenninations in herbage and soils. Method B is an adapted open vesse~ hot block 
technique, previously tested by Anderson and Isaacs120 on a range of certified reference 
soils, waters and biological tissues. Method C is an in-house, sealed vessel, microwave 
technique currently utilised at the University of Plymouth for a range of 'total element' 
determinations in solid samples. 
The above described digestion protocols are evaluated using two certified reference soils 
(Montana Soils-NIST 2710 and NIST 2711) and a reference soil (HRM2) used internally 
at Imperial College of Science, Technology and Medicine, London. Montana Soils-NIST 
2710 and NIST 2711 contain 38.4 ± 3 mg kg-1 and 19.4 ± 1.8 mg kg-1 antimony 
respectively. Antimony concentrations in HRM2 are not certified although a running 
average value has been determined as 4.86 mg ki1• The above certified reference soil 
samples are purchased solely for the purposes of this study and the necessary precautions 
are taken with regards to sample handling and storage procedures in order to prevent and 
to account for gains in the sample weight due to absorption of atmospheric water vapour. 
Additional samples used for the digest evaluation include three surface soils (KMS09, 
KMS23 and KMS27) collected from a former antimony-mining site (Wheal Emily). 
Field site description and locations of the above samples are detailed in Chapter 4. 
Reference soils, field samples and reagent blanks are digested in triplicate. The resultant 
digest solutions are then analysed for total antimony within 3 days of preparation using 
ICP-MS. Principles and analysis techniques for this instrumentation are detailed in 
section 3.2.2 and results and discussion for this evaluative study are detailed in Chapter 4. 
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3.1.2.2.2 Solid state partitioning 
Chemical leaching techniques can provide valuable information relating to the solid state 
partitioning of elements in soils. However, to date few methodologies are reported for 
antimony applications and considerable scope remains in this field of analytical research. 
Kavanagh et a/154 report a sequential chemical extraction procedure using a series of 
solutions for geochemical fractionation of arsenic in soils and mine wastes. This method 
is derived from two previous publications which address partitioning of inorganic 
phosphorus and arsenic in soils. 155' 156 The method facilitates low temperature leaching 
with Milli-Q water, ammonium fluoride, sodium hydroxide and sulphuric acid reagents. 
Low temperatures are maintained throughout the leaching sequence to avoid losses of 
antimony through volatilisation and the rationale for using the above leachants relates to 
the fact that arsenic is a metalloid and exists as anions in most soils, rendering general 
metal extraction procedures inappropriate for use. 154 
The methodology used in this study is an adapted version of the procedure described by 
Kavanagh et al. 154 This procedure has been selected for trial investigations with 
antimony in view of the similar metalloid characteristics exhibited and recognition of 
antimony's predominant anionic chemistry. It is acknowledged that antimony exhibits 
greater metallic character than arsenic and that identical soil chemistries and solid phase 
associations may not necessarily be assumed for these elements. However, application of 
this methodology in the current context will facilitate the comparison of antimony 
fractionation trends in soils, provide insight into the element's potential availability and 
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enable the evaluation of extraction efficiencies. Soils are extracted in duplicate and the 
resultant extract solutions are analysed for total antimony using ICP-MS instrumentation. 
These solutions are not acidified prior to analysis to prevent the precipitation of alkaline 
soluble compounds. However, ~le analysis .is performed on the same day as the 
extraction to minimise the potential for analyte losses through adsorption. A schematic 
diagram of the adapted procedure is shown in Figure 3.5. 
3.1.2.2.3 Leaching characteristics 
Risks associated with leaching of contaminants in soils and waste materials can be 
assessed, in part, by the application of controlled leach test methodologies. However, in 
reality the leaching of these contaminants is a complex phenomenon because many 
factors may influence the extent of release over long periods of time. These factors 
include specific chemistry of the constituent in question, pH of the soil, waste and 
infiltrating water, redox conditions, complexation, liquid to solid (LIS) ratio, contact time 
and biological activity. In view of the potential complexity of leaching processes 
workers recommend that several tests should be utilised to gain sufficient knowledge of 
site-specific leaching. 157-160 However, the selection of these leach tests is dependent upon 
the specific requirements of the study. 
In this particular study three laboratory-based leaching tests are selected and applied to 
contaminated soils to investigate characteristics of antimony release under oxic 
conditions at constant temperature. These three tests are summarised in Table 3 .1. 
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Figure 3.5 
Sequential Extraction Procedure 
Extraction 1: Water soluble 
2.5 g of milled soil, add 40 m1 Milli-Q water, shake for 30 mins. 
Centrifuge at 3000 r.p.m. for 10 minutes and remove supernatant liquid. 
Extraction 2: Al-associated 
To residue add 40 m1 0.125 M ammonium fluoride (pH 8.2), shake for 1 hour. 
Centrifuge at 3000 r.p.m. for 10 minutes and remove supernatant liquid. 
Wash residue with 25 ml saturated NaCl solution. 
Centrifuge at 3000 r.p.m. and remove supernatant liquid. 
Extraction 3: Fe- and organic-Fe associated 
To residue add 40 m1 0.1 M sodium hydroxide and shake for 18 hours. 
Centrifuge and wash with saturated NaCl solution as described above. 
Extraction 4: ea-associated 
To residue add 40 ml 0.25 M sulphuric acid and shake for 1 hour. 
Centrifuge and wash with saturated NaCl solution as described above. 
Extraction 5: Occluded Al-associated 
Repeat ammonium fluoride extraction (Extraction 2). 
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T bl 3 1 L hin t t a e .. eac tg es s 
Leach Test Description Duration 
(hours) 
1 Short term leach test 24 
LIS ratio 10 (v/m) No pH control 
2 Long term leach test (leachant replaced every 24 hrs) 120 
LIS ratio 20 (v/m) leachant pH initially adjusted to 4.0 
3 pH static leach test 8 
LIS ratio 5 (v/m) pH controlled at 4.0, 7.0, 10.0 
Methodologies are adapted from European leaching protocols to evaluate short and 
long-term leaching characteristics and to identify the influence of varying the pH of the 
soil and leachant solution. Finely milled soils ( <180 1.1.m fraction) are used for these tests 
and careful consideration is given to LIS ratios and the duration of the tests. These 
measures are considered essential, in the context of this comparative study, to ensure that 
leaching characteristics are determined with high precision and at near-equilibrium 
conditions in each case. Leach tests are performed in acid washed 50 rnl polyethylene 
centrifuge tubes. Blanks and selected surface soils are leached in duplicate and the 
resultant leachate solutions are analysed for total antimony using ICP-MS 
instrumentation. 
The method used to evaluate short-term leaching of antimony from contaminated soils 
(Leach Test I) is adapted from a compliance test for granular waste materials (EC 
CEN/TC292). The adapted methodology uses a single leach step with a LIS ratio (v/m) 
of I 0 although the original methodology uses a two step leach with consecutive LIS ratios 
(v/m) of2 and 8. This adaptation was made because a LIS ratio (v/m) of IO is considered 
more representative of leaching conditions at un-sealed sites such as landfill sites without 
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impermeable caps and are therefore more applicable to the field sites investigated in this 
study. 161•162 The application of a US ratio (v/m) of 2 is considered to be inappropriate in 
the context of this study because these conditions are more applicable to sites which 
exhibit restricted water flow-through, such as capped landfills. 161 •162 (Site descriptions 
applicable to this study are provided in Chapter 4.) 
The procedure involves vertical agitation of 4 g of soil with 40 ml of Milli-Q water (pH 
5.5) at 400 oscillations per minute in a horizontally mounted centrifuge tube for 24 hours. 
The pH of the leachant is not controlled in this test, so the soil is allowed to dictate the 
chemical conditions in the pore solution. Soil and Ieachant suspensions are then 
centrifuged for I 0 minutes at 3000 r.p.m., prior to undergoing pressure filtration through 
0.45J.lm cellulose nitrate filter paper into acid washed, pre-acidified high-density 
polyethylene vessels. Solutions are acidified with nitric acid to a concentration of 2% 
and ICP-MS analysis is performed within 3 days of sample preparation. 
The method used to evaluate long-term leaching of antimony from contaminated soils 
(Leach Test 2) is a serial batch method adapted from a Dutch leaching test procedure 
(NEN 7343). The method uses a larger US ratio than the previous methodology (20 v/m) 
and involves replacement of the leachant solution every 24 hours for a 120 hour test 
period. These parameters are utilised to reduce solubility constraints such as 'common 
ion effects' and promote more vigorous leaching conditions to provide insight into the 
potential for long-term leaching. Furthermore, the pH of the leachant solution (Milli-Q 
water) 
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is initially adjusted to 4 using 10% nitric acid (Aristar) prior to agitation with the soil. 
This is undertaken to assess the extent of antimony leaching in response to continued 
pulses of acidic leachant and to simulate, in part, the potential influence of acidic rainfall. 
The method involves vertical agitation of 2 g of soil with 40 ml of acidified leachant at 
400 oscillations per minute in a horizontally mounted centrifuge tube. Every 24 hours 
the pH of the resultant suspensions is measured using a calibrated pH meter. This is 
undertaken to identify potential time related changes in leachate solution pH that may 
influence the long-term leaching characteristics. The suspensions are then centrifuged, 
filtered and stored prior to analysis as described for Leach Test l and a fresh 40 ml 
aliquot of leachant is then added to the soil for continued leaching. 
The method used to evaluate the influence of variable soil and leachant solution pH on 
the extent of antimony leaching (Leach Test 3) is termed a pH static test. This 
methodology involves leaching the contaminated soils at a range of constant pH values 
for the duration of the test by the dropwise addition of acidic or alkaline reagents. pH 
static tests are often conducted over a 24 hour period using a LIS ratio of 5 ( v/m) because 
these conditions are suggested to facilitate good soil and leachant mixing conditions and 
rapid system equilibration. 158•160 The test conditions used for this particular study 
facilitate leaching of selected soils at the recommended LIS ratio of 5 (v/m) under 
controlled soil and leachant pH conditions of 4.0, 7.0 and I 0.0 (± 0.5) for a period of 8 
hours. The duration of the test period is shortened from 24 hours due to practical 
considerations and lack oflaboratory facilities for automated pH measurement and 
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regulation. The methodology subsequently involves vertical agitation of 4 g of soil with 
20 ml of leachant solution at 400 oscillations per minute in a horizontally mounted 
centrifuge tube. The pH of the suspensions are adjusted to the desired value using 10% 
nitric acid (Aristar) or 1M sodium hydroxide (Analar) solution using .a .calibrated pH 
meter and caution is taken to prevent the actual leachant volume from exceeding the 
specified leachant volume. pH values for the suspensions .are measured and adjusted 
where necessary every 30 minutes to enable the maintenance of constant pH during 
leaching. Suspensions are centrifuged, filtered and stored prior to analysis as_described 
in Leach Test 1. 
3.2 Analysis of antimony .in waters,Jeacbates and processed soils 
Total antimony concentrations are determined in waters and processed soil samples by 
the application of ICP-MS instrumentation. A coupled HPLC-ICP-MS instrumental 
technique is also used for chemical speciation of antimony in waters and leachate 
solutions. Section 3.2.1 describes sample collection and preparation methodologies used 
in accordance with the above instrumental techniques. Sections 3.2.2 to 3.2.5 describe 
the general principles of ICP-MS and HPLC and also detail specific instrumental 
conditions and analytical method development undertaken in the context of this study. 
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3.2.1 Sample collection and preparation 
3.2.1.1 Samples for total element analysis 
Each stream water sample is collected in a 125 rnl acid washed, high-density 
polyethylene vessel and two 50 rnl samples collected per sample point. These aliquots 
are combined and are immediately pressure filtered through 0.45 J.lm cellulose nitrate 
filter paper into acid washed, high-density polyethylene sample vessels. Samples are 
acidified immediately to 2% (v/v) using nitric acid (Aristar) prior to transportation back 
to the laboratory for analysis. Sample filtration is undertaken to remove particulate 
material that may potentially interfere with aqueous analyte concentrations i.e. through 
particle dissolution or analyte sorption mechanisms. Sample acidification is undertaken 
to stabilise analyte concentrations prior to analysis and minimise the potential for 
interfering adsorption effects and analysis of acidified samples is undertaken within 3 
days of collection or preparation. 
3.2.1.2 Chemical speciation analysis 
Speciation analysis is carried out in two types of samples and these include stream waters 
and leachate solutions prepared in the laboratory. Stream waters are collected in acid 
washed, 125 rnl high-density polyethylene vessels with the open end of the vessel in the 
downstream position to minimise collection of particulates. Samples are not filtered or 
acidified following collection; the sample vessels are filled to maximum volume and 
immediately stored in the dark at approximately 4°C. This procedure is undertaken to 
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minimise the potential for loss of species due to sorption processes and to minimise the 
potential for oxidation effects that may contribute to the re-equilibration of sample 
species between coUection and analysis. The chosen method for preparation of leachate 
solutions enables the comparison of readily quantifiable concentrations of species in 
'fresh' leachate solutions. These solutions are prepared foUowing short periods of 
leaching to minimise the potential for time related changes in chemical speciation. 
Samples are derived from the vertical agitation of 4 g of selected surface soil(< 180 ll 
fraction) with 40 ml of Milli-Q water (pH 5.5) at 400 oscillations per minute in an acid 
washed, horizontaUy mounted, 50 ml polyethylene centrifuge tube. Leachates are 
extracted in a centrifuge at 3000 r.p.m. following agitation for 30 minutes and are 
decanted into acid washed, high density polyethylene vessels and stored in the dark at 
4°C prior to analysis. Speciation analysis is performed on the same day as sample 
coUection and preparation to improve sample representivity. 
3.2.2 ICP-MS Instrumentation 
3.2.2.1 General Principles 
This analytical instrumentation is comprised of two well established techniques, namely 
inductively coupled plasma and mass spectrometry and a schematic diagram of an 
ICP-MS instrument is shown in Figure 3.6. Principles, technical aspects of lCP-MS and 
the associated advantages and disadvantages for earth science applications are well 
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documented in the literature163-165 and an exhaustive discussion of this subject area is 
inappropriate in the context of this study. However, this section provides an overview of 
ICP-MS principles in order to explain the general instrumental functions. 
3.2.2.1.1 Generation of the inductively coupled plasma 
The plasma is generated within a quartz torch, which consists of three concentric tubes 
(Figure 3.7). Argon gas (coolant and auxiliary flows) is initially directed tangentially 
through the torch whilst the nebuliser flow is directed through the centre (following 
plasma ignition). Radio frequency (RF) radiation of approximately 1350 watts is 
delivered to the top of the torch through a copper load coil of typically 2 to 3 turns. This 
generates an alternating current, which oscillates within the coil and causes RF, magnetic 
and electric fields to be ind-uced in the area around the load coil. Electrons are initially 
stripped from argon in the coolant and auxiliary gas flows by the application of a spark 
and these electrons are then inductively coupled by the induced magnetic field and 
collide with additional argon atoms to facilitate self-perpetuating ionisation and 
formation ofthe ICP. The plasma exhibits an annular shape as shown in Figure 3.7 and 
this results primarily from the fuct that the RF energy is coupled to the outer regions of 
the gas flow ('skin-effect'). The centre region of the plasma is heated by conductive, 
convective and radiative energy transfer from the outer regions of the plasma and is 
subsequently cooler in temperature. Furthermore, a weak spot is generated in the base of 
the plasma as a result of the tangential coolant and auxiliary gas flows. This enables the 
nebuliser gas to punch a hole right through the centre of the plasma and deliver the 
sample for decomposition and ionisation. 
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Figure 3.7 
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3.2.2.1.2 Sample introduction and ionisation 
A number of systems can be used to introduce the sample to the ICP as aerosols, gaseous 
volatile hydrides, vapours and solids. These include pneumatic or ultrasonic 
nebulisation, hydride generation, graphite furnace, electrothennal vaporisation and laser 
ablation techniques. The most commonly used system is that of pneumatic nebulisation 
for the introduction of liquid samples. This system is used in the current study and is 
subsequently described below. 
A liquid sample must first be converted to an aerosol (particle size < l 0 l!m) before it is 
introduced into the ICP and this is necessary to maintain plasma stability. Direct 
introduction of a liquid extinguishes the plasma. Aerosol is formed by transporting the 
liquid sample to a pneumatic nebuliser via peristaltic pump at a metered flow rate. The 
sample is dispersed when it reaches a low-pressure region at the tip of the nebuliser, 
which is produced by the action of rapidly flowing Ar gas. A range of pneumatic 
nebulisers may be used depending upon the physical characteristics of the liquid sample. 
The resultant aerosol contains particle sizes up to 100 l!m in diameter. These particles 
are transported in Ar carrier gas from the nebuliser to a spray-chamber, of which there are 
numerous designs. This component smoothes out pulsing effects which may result from 
pumping the liquid sample to the nebuliser and removes large suspended particles (>I 0 
l!m diameter) by forcing sharp changes in gas-flow direction. However, aerosol transport 
efficiency is greatly reduced during this process and only around 1-2% of the nebulised 
sample reaches the plasma. 
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Samples are almost completely decomposed following introduction to the ICP and th~re 
are a number of ways by which the resultant .atoms are excited and ionised prior to their 
detection. The most significant ionisation mechanisms in the ICP occur through 'thermal 
ionisation' i.e. ionisation re$Ulting from the thermal agitation of particles and resultant 
atom-atom, ion-atom and electron-atom collisions. Additional 'non-thermal ionisation' 
mechimisms include complex 'charge-transfer' processes from ions to . .atoms and 
'Penning ionisation' which relates to the ionisation of neutral species following their 
collision with rnetastable atoms. 163' 165 
3.2.2.1.3 Ion sampling and mass analysis 
Ionised species formed within the plasma are sampled and extracted through two cones 
(sampler and skimmer cones) using a series of vacuum chambers which are pumped 
down to consecutively lower pressures. The resultant ion beam is then focussed under 
vacuum using a series of ion lenses, which deflect the ions along a narrow path and focus 
them onto the entrance of the mass analyser, which in this particular case is a quadrupole. 
The mass analyser facilitates the separation of ions according to their rnlz ratio (often 
equivalent to mass because the ions are predominantly singly charged) and is comprised 
of four metal rods (i.e. two pairs) to which variable RF and direct current (DC) voltage 
combinations can be applied. An electric field is subsequently generated in the central 
channel of the quadrupole and this field can be varied (by the adjustment ofRF/DC ratio) 
to allow a specific narrow range of ions with desired rnlz ratio to pass through the central 
channel to the ion detection system. In the current application RF/DC ratios are varied 
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rapidly during sample analysis to fucilitate 'peak-jumping' between ions with widely 
separated rn/z values (i.e. 103Rh, 115In and 121 Sb). Selectively filtered ions are detected 
using a channel electron multiplier, which is positioned adjacent to the central channel of 
the quadrupole. This component generates a cascade of electron pulses from the initial 
impact of a single analyte ion. These electron pulses are subsequently read, an3plified 
and averaged over a short time interval to allow rapid data acquisition. 
3.2.2.2 Instrumental conditions and analytical quality control 
Total element determinations are undertaken using a Fisons VG PlasmaQuad 11+ or a VG 
Plasmaquad 3 ICP-MS instrument. Typical operating conditions used in conjunction 
with these instruments are described in Table 3.2 and a schematic of the nebuliser and 
spray chamber arrangement used for sample introduction is shown in Figure 3.8. The 
Ebdon V-Groove nebuliser is specifically designed for 'blockage-free' sample 
introduction of liquids which contain large quantities of suspended particulates (i.e. soil 
digest solutions). The water cooled Scott-type spray chamber is commonly used in ICP-
MS instrumentation and is advantageous because it reduces water input into the plasma 
and facilitates improved plasma stability with reduced interference effects from 
polyatomic ions. 
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T bl 3 2 T ' 1 d"t' a e . . yptca opera mg con 1 tons fc ICP MS. t t t' or - IOS rumen a ton 
Peristaltic Pump Flow-Rate 1.0 mJ min-I 
Nebuliser Ebdon V -Groove 
Spray Chamberffemperature Scott-type (Water Cooled to 4°C) 
Coolant Gas-Flow 14.0 J min-I 
Auxiliary Gas-Flow 0.80} mll-l 
Nebuliser Gas-Flow 0.85} min-I 
Forward Power 1350 w 
Quantification of total antimony concentrations is undertaken using internal and external 
calibration standards, diluted as required from Aristar stock solutions. All samples and 
standards are spiked with an appropriate concentration of 115In or 103Rh and external 
calibration standards are matrix matched with samples. These measures are undertaken 
to minimise analytical errors associated with instrument drift and to ensure similar 
nebulisation and transport characteristics of samples and standards. 'Check-standards' 
and 'standard-additions' are also analysed, where appropriate to confirm successful 
instrument functioning and the potential for non-spectroscopic interference effects. 
3.2.3 General principles of HPLC 
The theoretical and technical aspects of liquid chromatography are well documented in 
the literature166-168 and will not be extensively discussed in the context of this study. 
However, general principles of chromatographic separation and specific HPLC 
instrumentation are discussed to provide an overview of the technique. 
79 
Figure 3.8 
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Analytes in aqueous samples are distributed between a mobile and a stationary phase 
during their separation in a chromatographic system and the distribution of these 
components is dependent upon their relative affinities for the phases, which in turn is 
related to intrinsic molecular structure and the extent of intermolecular forces. In HPLC, 
aqueous sample components (e.g. termed A and B) are simultaneously injected into a 
moving 'mobile phase' and are subsequently transported through a 'stationary phase' (i.e. 
' 
around the surfaces of particles packed in a column). During the transportation of these 
components the different affinities of A and B for the stationary phase will determine the 
extent of time spent within the moving 'mobile phase'. For example, if B has a greater 
affinity for the stationary phase than A, component A will spend a proportionately longer 
period of the analysis time in the mobile phase. This phenomenon results in the two 
components having different migration cates through the stationary phase column and 
facilitates a separation (i.e. A elutes from the column before B). 
High-performance (or high-pressure) liquid chromatographic methodology facilitates the 
separation of aqueous sample components using stationary phases comprised of small, 
densely packed particles and pressurised systems to ensure relatively high mobile phase 
flow rates. These systems can separate analytes rapidly, with a high degree of resolution 
and have advantages over cJassical liquid chromatographic techniques because they 
require relatively short stationary phase columns and analysis times. 
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The main components of a conventional HPLC system include a mobile phase and 
pumping system, sample introduction system, analytical column, analyte detection 
system and a mode of data acquisition. Conventional analyte detection and data 
acquisition systems are not discussed in the context of this study, however a detailed 
description of this instrumentation can be found in the literature. 166•167 
3.2.3.1 Mobile phases and pumping systems 
HPLC mobile phases are comprised of either a single or a mixture of solvents and 
separations may be undertaken using a single mobile phase (isocratic elution) or by 
mixing two or more mobile phases during the analytical run (gradient elution). However, 
mobile phases require 'de-gassing' prior to use in order to prevent bubble formation in 
the pwnping system, column or detector and resultant pressure fluctuations which are 
detrimental to analyte separations. De-gassing of mobile phases may be undertaken 
on-line using an evacuated pumping system or otherwise by the use of prior 
ultrasonication, filtering or sparging techniques. Mobile phase is pumped through the 
chromatographic system using purposely designed HPLC pumps. These pumps are 
required to deliver an accurate and adjustable flow rate of mobile phase (typically 
between 0.5-3.0 m1 min"1) against column back-pressures up to approximately 3000 psi 
and a wide range of these pumps are available including specific designs for isocratic and 
gradient elution systems. 
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3.2.3.2 Sample introduction systems 
Aliquots ofthe aqueous sample are introduced into the pressurised flow of mobile phase 
to fucilitate their transportation to the analytical column for analyte separation and this 
procedure may be undertaken using either a manual or automated (i.e. autosampler) 
system. Six-port valve injectors (Rheodyne) (Figure 3.9) are the most commonly used 
devices for sample introduction because they allow highly reproducible sample injections 
without significant flow or pressure disruption. To inject a sample the injector valve is 
turned to the 'load' position (Figure 3.9, A). The sample is then injected through the 
needle port using a syringe, into the sample loop whilst the mobile phase flows directly 
through the analytical column. When the valve is turned to the 'inject' position (Figure 
3.9, B) the flow of mobile phase is re-directed to back-flush the sample aliquot from the 
loop onto the analytical column. The size of the sample loop is varied in .accordance with 
the desired injection volu,me (typical loop sizes vary from 5-2000 Jll). 
3.2.3.3 Analytical columns 
Pellicular, porous and rnicroparticulate materials can be used as packings for HPLC 
columns and these materials can exhibit significant variations in their physical nature 
(particle size, porosity and shape). However, the majority of HPLC columns are packed 
with spherical, fully porous, rnicroparticulates (3-l 0 Jlm diameter) because these 
packings result in stable, high-efficiency columns, which can be used for relatively large 
sample loadings. 167 HPLC packings are available in a range of materials including rigid 
solids (e.g. silica), resins (e.g. polystyrene divinylbenzene) or soft gels (e.g. agarose or 
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Figure 3.9 
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Sephadex) and the choice of material can significantly affect the column performance. 
To date silica and resin-based materials are widely used in HPLC columns. The 
advantages of using silica generally .relate to its abundance, availability in variable 
shapes, sizes and degrees of porosity and the fuct that it can be readily functionalised. 
However, resins are generally more stable than silica and can be used o:ver a wider pH 
range. 
3.2.4 Separation of antimony species using HPLC 
In this study, novel HPLC method development is undertaken to achieve improved 
simultaneous separation of aqueous inorganic and organic antimony species in the +3 and 
+5 oxidation states. Individual stock solutions (500 mg r1) are prepared from inorganic 
potassium hexahydroxyantimonateV (Aid.rich), inorganic _potassium antimony (Ill) oxide 
tartrate hemihydrate (Fiuka) and organic trimethylantimony dichloride, termed SbV, 
Sblll and TMSb respectively. The TMSb standard is not commercially available and is 
subsequently synthesised in-house according to a previously published method. 169 
Evaluation of the purity of the TMSb compound is undertaken prior to use by applying a 
range of standard analytical techniques; 1H and 13C NMR; Pyrolysis GC-MS; CHN 
Elemental analysis; melting point observations and total antimony analysis by ICP-MS. 
The associated experimental data is presented and discussed in Chapter 6. Stock 
solutions of the above standards are prepared on a weekly basis by dissolving the 
appropriate mass of compound with Milli-Q water in volumetric flasks (Gradplex) and 
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storing in the dark at 4°C until required. Working standards of lower concentration 
(individual and/or mixed) are prepared daily, as required, by dilution of the stock 
solutions with Milli-Q water. 
Novel chromatographic separations are investigated using two different anion exchange 
stationary phases and a range of custom length stainless steel columns (prepared in-house 
using the 'slurry packing' technique) and chromatographic separations are also 
undertaken using a previously developed method.17° Column specifications are detailed 
in Table 3.3. 
T bl 3 3 HPLC a e .. 'fi t' eo umn spect ea tons 
Commercial Stationary Phase Specifications Approximate Column Column 
Supplier pH length internal 
tolerance (mm) diameter (mm) 
Phenomenex Phenosphere SAX-SB (51-1) 
Silica-based phase derivatised with 2-8 40 4.6 
quaternary amine groups 
All tee HAAX (7J.t) 1.5-10 40 4.6 Silica-based phase derivatised 
with polymeric primary, secondary lOO 4.6 and tertiary amine groups 
Dionex AS4A (commercial column) {15).1) 2-10 250 4.0 Polymer-based phase derivatised with 
a lkanol quaternary amine groups 
Chemicals used for preparation of mobile phases are all of analytical reagent grade or 
higher. Solutions were prepared daily by dissolving the appropriate mass of compound in 
Milli-Q water and adjusting the pH by the addition of 69 % nitric acid (Aristar), or 35 % 
ammonia solution (Aristar). Combinations of mobile phases and chromatographic 
columns evaluated in this study are summarised in Table 3.4. 
86 
T bl 3 4 E 1 dHPLC a e . . va uate d bil h co urnns an mo e pl ases 
Chromatographic column Mobile Phase 
80-100 mM ammonium sulphate, pH 5.3 
50 mM potassium nitrate, pH 5.5 
50-80 mM potassium diliydrogen phosphate, pH 4.5 
Phenomenex SAX-SB 40mm x 4.6mm 100-200 mM potassium dihydrogen phosphate, pH 6.5 
5 mM KHP + 20 mM EDTA, pH 4.5 
50 mM KHP, pH 5.0 
50-100 mM ammonium tartrate, pH 2.5-7.8 
2mM ammonium hydrogen carbonate+ 1 mM tartaric acid, 
pH 3.0-9.5 
20mM ammonium hydrogen carbonate + 2 mM tartaric acid, 
pH 3.0-9.5 
Alltec HAAX 40mm x 4.6mm 1.25 mM EDTA, pH 3.0-8.0 
lOO mM ammonium acetate, pH 2.6-lO.O 
50-100 mM ammonium tartrate, pH 1.5-10.0 
Alltec HAAX lOOmm x 4.6mm 100 mM ammonium tartrate, pH 1.2-3.0 
Dionex AS4A 250mm x 4.0mm l mM ammonium hydroxide 
K.HP - potassmm hydrogen phthalate; EDT A - ethylenediamrne tetraacettcactd 
The above chromatographic columns and mobile phases are evaluated for their separation 
capabilities and the most suitable conditions are used for analysis of aqueous antimony 
speciation in contaminated environmental samples (stream waters and leachate solutions). 
3.2.5 HPLC-ICP-MS Instrumentation 
Separated aqueous antimony species which elute from a HPLC column can be readily 
detected and quantified using ICP-MS instrumentation i.e. by monitoring total antimony 
concentrations throughout the chromatographic run. This is tmdertaken by connecting 
the outlet of the analytical column to the nebuliser of the ICP-MS. The peristaltic pump 
previously described for conventional ICP-MS sample introduction is no longer required 
(except to drain the Spray Chamber) because the liquid sample and mobile phase are 
pumped to the nebuliser by the HPLC pump. A schematic diagram of a HPLC-JCP-MS 
arrangement is shown in Figure 3.10. 
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3.2.5.1 Instrumental conditions and analytical quality control 
Sample volumes of0.7 ml are injected through a 200 J.LI PEEK injection loop through a 
model 7125 six-port Rheodyne injection valve. Mobile phases and samples are pumped 
through the analytical columns using a triple headed gradient pump (Varian 9010) and 
flow rates are investigated in the range of 1.0-3.0 ml min-1• The analytical column is 
connected directly to the nebuliser and spray chamber arrangement of the ICP-MS 
(Fisons VG PlasmaQuad 11+ or VG PlasmaQuad 3) by a short piece of PEEK tubing to 
enable element specific chromatographic detection. The sample and mobile phase 
mixture is aspirated into the plasma through a Burgener nebuliser and cyclonic spray 
chamber arrangement (Figure 3.11) and the peristaltic pump is set to drain the spray 
chamber at 2.0 ml min-1• This arrangement has previously been developed in-house to 
enable improved sample transport efficiency to the plasma and to minimise peak 
broadening effects that may result from longer aerosol path lengths (e.g. in Scott-type 
spray chambers). The mass spectrometer acquires analytical data by monitoring mass 
121 with a dwell time of 320 ms in the time-resolved display mode. These data are then 
processed using chromatographic software (Masslynx) which offers routine options for 
peak integration and analyte quantification by peak area. Unspecified ICP-MS operating 
conditions are standard and are presented previously in Table 3.2. 
Chemical speciation analyses of stream waters and leachate solutions are undertaken on 
the same day of sample collection or preparation using HPLC-ICP-MS with samples 
being analysed immediately after preparation wherever possible. Samples are analysed in 
conjunction with external calibration standards, which contain known aqueous antimony 
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Figure 3.11 
Nebuliser and Spray Chamber Components 
used for Aqueous Speciation of Antimony by HPLC-ICP-MS 
Burgener Nebuliser 
Dimple Cyclonic Spray Chamber 
Front view Side view 
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CHAPTER4.0 
CHARACTERISATION OF FIELD SITES 
This chapter provides a description of the studied field sites and includes relevant 
background information, rationale for site selection and a discussion of selected 
physico-chemical characteristics of soils and waters at these sites. Sampling strategies 
are described for collection of surfuce soils and waters and the chapter also describes an 
evaluation of three soil digest techniques (for methods see section 3.1.2.2.1). 
4.1 Site descriptions and background information 
4.1.1 Wbeal Emily mine site 
This former mining site is situated in south Devon, SW England, UK (Grid Reference 
542 499) within the parish of Wembury and is approximately one kilometre east of 
Knighton, on the outskirts of Wembury Wood and west of the river Yealm. It can l:ie 
reached by taking the road from Elburton to Knighton (Wembury Road) and turning left 
down the dirt track at the top ofKnighton village towards Foxcove Scout Camp. The site 
is accessed on foot with the land owners permission and a large-scale map of the area is 
provided in Figure 4.1. 
The mine was notable for the presence of antimony in association with silver-lead and 
reports indicate sporadic workings of this mine in the early-mid 1800s.171 •172 However, 
significant developments were reported in 1849 when a vertical shaft was sunk to a depth 
of 17 fathoms and access to the shaft was obtained through both a shallow and a deep ad it 
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Figure 4.1 
Wheal Emily: Site Location 
(Grid Ref. 542 499) 
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portal 172 The shaft is situated 200 feet above river level on a piece of rough ground 
which borders the south side of Wembury Wood and the adit portals are driven from the 
surrounding steep wooded slopes. Russell172 assesses the underlying geology of the area 
in a previous study and reports Middle Devonian Slate and grit. Antimony-bearing 
minerals such as jamesonite (PbzSbzSs), and boumonite (PbCu(Sb,As)S3) are also 
identified in mine spoil at the mouths of the adit portals. 172 
Site investigations are undertaken adjacent to the mouth of the shallow adit portal where 
soils are formed on the surface of a 200-300 ton173 spoil heap in a deciduous woodland 
environment (See Figure 4.2). Site photographs of the adit mouth and spoil heap are 
shown in Figures 4.3 and 4.4 respectively. The ad it portal is situated at the top of a steep 
valley slope and is drained by a minor stream (adit stream) that issues from the adit 
mouth. The stream bisects the partially vegetated spoil heap on the steep wooded slopes 
of the valley side and enters the river Yealm through its convergence with a larger, faster 
flowing stream in the valley bottom (valley stream). This particular site is selected for 
investigation because soils are likely to contain elevated antimony concentrations due to 
the weathering of underlying mine spoil and physico-chemical characteristics of these 
soils may be influenced by their formation in a woodland environment. Adjacent surface 
waters at this site will provide an ideal opportunity to investigate aspects of antimony's 
aqueous chemistry. 
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Figure 4.2 
Wheal Emily: Sampling Site 
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Figure 4.4 
Wheal Emily: Spoil Heap 
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4.1.2 Wheal Leigh mine site 
This former mining site is situated in East Cornwall, SW England, UK (Grid Reference 
380 626) within the parish of Pillaton and is approximately one kilometre south of 
Howton village. The site can be reached by taking the A388 road from Saltash to 
Callington and taking the left turn to Pillaton approximately one mile south of St Mellion. 
The Pillaton road continues for approximately three kilometres before Leigh Farm is 
reached on the right hand side. At this point the prominent partially vegetated spoil heaps 
of Wheal Leigh can be observed when looking slightly west and due south of the 
farmhouse. The site is accessed on foot with the land owners permission and a 
large-scale map of the area is provided in Figure 4.5. 
Historical records indicate that stibnite (S~S3) samples have been found in the parish of 
Pillaton as long ago as 1572 and sporadic mine workings are reported in this region until 
1888. m Wheal Leigh is described as one of the Pillaton Antimony Mines 
(accompanying Wheal Copley and Wheat Grenville) and is suggested to have been a 
relatively important producer of antimony during the years of 1819, 1820 and 1821 when 
20, 33 and 79 tons of antimony were raised respectively. 172 A survey of this mine site by 
Russell 172 in 1938 identifies two shafts in addition to the remains of a dressing pit and a 
water wheel. The above described partially vegetated spoil heaps mark the location of 
the first shaft, whilst the second is situated in a nearby wooded area approximately I 00 
meters due east of the first. Russel1172 reports the underlying geology of this area as soft 
grey-purple Upper Devonian Slate and identifies specimens of stibnite (S~S3 ), 
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Figure 4.5 
Wheal Leigh: Site Location 
(Grid Re£ 380 626) 
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valentinite (S~03) and either bournonite (PbCu(Sb,As)S1) or tetrahedrite (CuSbS1) in 
spoil heaps around both of the shafts. 
Site investigations are undertaken on the partially vegetated spoil heaps where soils are 
formed on underlying mine spoil. A photograph of these spoil heaps is presented in 
Figure 4.6. These soils are likely to exhibit elevated antimony concentrations due to the 
weathering of antimony-bearing minerals in underlying mine spoil. Physico-chemical 
characteristics of these soils are expected to vary from those at the Wheat Emily site as a 
result of their location in an open grassland environment. 
4.2 Sampling strategies for the collection of soils and waters 
4.2.1 Wheat Emily mine site 
The spoil heap at Wheat Emily covers an area of approximately 2500 m2 • However, the 
boundaries of this spoil heap are poorly defmed due to the influence of sloping ground 
level and the density of vegetation. A geochemical reconnaissance survey is initially 
undertaken to map out 'hot-spots' and site-wide trends of total antimony concentrations 
in soils. This is undertaken by collecting surface soils (approximately 200-250 g, wet 
weight) as described in section 3.1.1, on a grid basis at 10 m intervals, terrain permitting. 
Samples from the reconnaissance survey are coded WESOI-WES28 and the associated 
sampling points are presented in Figure 4. 7. Data obtained from the mapping exercise is 
used to select further soil sampling points to collect bulk soils (I -1.5 kg, wet weight) 
containing a range of total antimony concentrations for more detailed investigations. 
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Figure 4.6 
Wheal Leigh: Spoil Heaps 
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Figure 4.7 
Wheal Emily: Sampling Points for the Mapping of 
Total Antimony Concentrations in Surface Soils 
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Total antimony concentrations are also determined in stream waters at this site and 
samples are collected as described in section 3.2.1.1. Valley stream samples are collected 
from 4 points at l 00 m intervals. Adit stream samples are collected from 3 points; just 
above the confluence with the valley stream, the base of the spoil heap and the top ofthe 
spoil heap. Stream water sample points are coded WAI-WA7 and the associated 
sampling map is shown in Figure 4.8. Field measurements of pH, Eh, dissolved 02 and 
conductivity are also determined in stream waters at these sample points. 
4.2.2 Wheat Leigh mine site 
The Wheal Leigh site is notably smaller than the Wheal Emily site and covers an area of 
approximately 400 m2• The boundaries of the spoil heaps at this site are easily 
identifiable and the sampling strategy is intended to generate a single sample for 
comparative studies with selected surface soils from the Wheal Emily site. Surface soils 
(approximately 1-1.5 kg in total, wet-weight) are sub-sampled randomly from 10 points 
across the spoil heap. These sub-samples are bulked together and homogenised to 
promote the collection of a representative sample. The homogenised sample is coded 
WLS. 
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Figure 4.8 
Wheal Emily: Stream Water Sampling Points 
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4.3 Evaluation of soil digest methodologies 
Reference soils (NIST 27LO, NIST 2711 and HRM2) and selected field soils from the 
mapping at Wheal Emily (WES09, WES23 and WES27) are digested using methods A, B 
and C as described in section 3. 1.2.2. 1 and these methods are summarised in Table 4. 1. 
Total antimony concentrations are quantified by ICP-MS as described in section 3.2.2.2 
and analytical results for the digest evaluation are presented in Tables 4.2 and 4.3 . 
T bl 4 1 S il d ' hdl a e 0 0 0 Jgest met o o ogtes 
Digest Methodology 
A Open vessel ashing with Mg(N03)2 in .a muffie furnace and 
dissolution in cone HCl at room temperature 
B Open vessel hot block digestion with cone HCl 
c Sealed vessel microwave digestion with cone H20 2 and 
HN03 
Table 4.2: Analytical data for reference soils. 
Soil Digest Cortcentrations ofSb (~g g-1 Recovery SD 
Method Replicate samples Mean Certified (%) 
l 2 3 Value 
NIST A 35.5 35.6 34.7 35.3 92.0 0.493 
2710 B 13.6 12.8 14.2 13.5 38.4 ± 3 352 0.702 
c 1.07 J.ll 0.960 1.05 2.70 0.0777 
NlST A 19.0 24.2 19.1 20.8 107 2.97 
27 ll B 9.76 8.65 10.4 9.60 19.4 ± 1.8 49.5 0.885 
c 0.607 OA63 0.580 0.550 2.80 0.0765 
HRM A 6.10 4.96 5.27 5.44 112 0.589 
B J.35 1.3/ 1.86 2. 19 4 .86" 45.1 1.03 
c 1.61 0.543 0.340 0.83 1 6.20 0.682 
"Non-cert1fied value (m-house reference maten al, lmpenal College, London) 
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Table 4 3· Analytical data for Wbeal Emily field soils . . .
Soil Digest ConcentrationS ofSb (l!g g-1) SD 
-
Method Replicate ·samples 
1 2 3 Mean 
WES09 A 1645 1570 1654 - 1623 46, l 
B 600 624 782 669 9.8.9 
c 61.5 37.9 44.9 ' 48.1 12.1 
WES23 A 43.7 48.8 58.4 503 7.46 
B 20.9 19.4 22.4 20_9 1.50 
c 1.03 1.17 0.894 1.03 O.lJ8 
WES27 A 85.3" 86.7 83.8 85.3 1.45 
B 51.2 49.3 48.9 49.8 1.23 
c 3.30 3.95 1.62 2.96 1.20 
Comparing the data in Table 4.2 for the three soil digestion techniques it is shown that 
method A enables the most accurate recovery of total antimony concentrations in these 
soils. Mean recoveries of 92, 107 and 112 % are obtained for NIST 2710, NIST 2711 
and HRM2 respectively when digest method A is used and standard deviation values 
range from 0.493-2.97 ~g g·' . Total antimony concentrations in Wheal Emily field soils 
determined by digest method A are shown to produce an acceptable standard of precision 
with variability < 10% for WES09 and WES27 samples. Method A is suggested to 
facilitate the conversion of volatile antimony species in soils to non-volatile complexes, 
which are retained at high digest temperatures (M Rarnsey, Personal Communication). 
The formation of these complexes is likely due to the presence of Mg(N03)z .at 
temperatures of around 450 °C. Under these conditions it is thought both oxidation of 
organic material and complexation mechanisms within the soils are promoted. 
Soil digestion methods Band Care proven to be unsuitable and the data indicates poor 
l06 
recoveries for all reference soils tested. It is thought method B failed primarily because 
no chemical retention mechanisms are exploited and in the presence of HCI, species such 
as SbCls may form (bp 79 °C} which may then be lost through volatilisation during high 
temperature open-vessel digestion. Failure of method C is suggested to be due to 
volatilisation of antimonial species during decomposition of organic matter. H20 2 is 
added to the sample prior to microwave irradiation to oxidise organic matter and an 
exothermic effervescent reaction is observed. Losses of antimony may also result from 
the use of highly oxidising digest conditions and subsequent formation of sparingly 
soluble antimonoxides. These oxidised species may form precipitates in aqueous solution 
and be lost from the sample matrix during filtration and dilution. 
This evaluative study highlights the suitability of method A for determination of total 
antimony concentrations in the above-described soils and digest method A is 
subsequently applied to all total antimony determinations in soils in this study. 
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4.4 Physico-chemical characteristics of soils 
4.4.1 Total antimony concentrations 
4.4.1.1 Mapped concentrations at the Wheat Emily site 
Surface soils from the mapping exercise at Wheat Emily (WESOI-WES28) are processed 
in three batches using digest method A as described in section 3 .1.2.2.1. Reference soils 
(NIST 2710, NIST 2711 and HRM2), a reagent blank and two random duplicate surfuce 
soils from the Wheat Emily site are also digested in each batch. Total antimony 
concentrations are quantified using ICP-MS instrumentation as described in section 
3.2.2.2. Field sample data is shown in Tables 4.4-4.5 and quality control data, which 
includes reference soils and duplicate field samples is shown in Tables 4.6-4. 7. 
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Table 4.4: Total Sb concentrations in surface soils at Wheal Emily 
(Reconnaissance survey) 
Surfuce Soil Sb Concentration (1-lg g·1) 
WES01 37.1 
WES02 273 
WES03 238 
WES04 456 
WES05 1728 
WES06 27.7 
WES07 81.9 
WES08 170 
WES09 1741 
WES10 771 
WES11 2864 
WES12 25. 1 
WES13 16.7 
WES14 120 
WES15 127 
WES16 260 
WES17 131 
WES18 35.9 
WES19 63.6 
WES20 152 
WES21 82.9 
WES22 54.5 
WES23 41.2 
WES24 15.9 
WES25 250 
WES26 43.5 
WES27 77.0 
WES28 18.2 
Table 4.5 : Summary of total Sb concentrations in surfuce soils at Whea1 Emily 
(Reconnaissance survey). 
No. ofSamples Cone. Range Mean Measured SD 
(j.lg g·l) Cone. (J.lg g·1) 
28 16.7-2864 354 664 
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T bl 4 Wh I Emil Sb a e .6: ea Jy: fi recovenes m re erence sot ) econmussance survey . 
Reference Soil Measured Sb Mean Measured Certified Cone. Re c. so 
Cone. (!lg g·1) Cone. (!lg g·1) (J..Lg g"') (%) 
N1ST2710 A 37.4 
NlST 2710 B 38.5 37.7 38.4 ± 3 98.2 0.737 
NIST 2710 C 37.1 
N1ST2711 A 20.2 
N1ST2711 B 2 1.2 20.2 19.4 ± 1.8 104 1.05 
NlST 2711 C 19.1 
HRM2A 6.42 
HRM2B 5.29 5.59 4.86" 115 0.728 
HRM2C 5.06 
"Non-certified value (m-house reference matenal, lmpenal College, London) 
Table 4. 7: Total Sb concentrations in duplicate surface soil digestions (Reconnaissance 
survey). 
Surface Soil Measured Sb Concentration (!lg g"1) 
Replicate I Replicate 2 
WESOI 37.1 36.1 
WES03 238 2 18 
WES09 1741 1858 
WES16 260 252 
WES24 15.9 14.7 
WES27 77.0 78.2 
Mean recoveries of total antimony from reference soils (Table 4.6) range between 
98.2-115 % with standard deviation values between 0. 728-1.05 J.lg g·'. Random 
duplicate digestions of surface soils from the Wheat Emily site (Table 4.7) show 
acceptable precision with < 10 % variation between replicate samples. 
Surface soils collected for the mapping exercise at the Wheat Emily site exhibit total 
antimony concentrations in the range of 16.7-2864 J.lg g·' (Table 4.5) and a 
geochemical map of these concentrations is provided in Figure 4.9. Soil samples 
collected from the surface of the spoil heap at Wheal Emily exhibit highly elevated 
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Figure 4.9 
Wheal Emily: Map ofTotal Antimony Concentrations in Surface Soils 
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total antimony concentrations up to a maximum value of2864 j.lg g-1• Surface soils are 
shown to decrease in antimony concentration with increased distance from the spoil 
heap and reach a minimum of 16.7 j.lg g-1• However, this concentration remains 
significantly elevated above UK average values (l.l-8.6 j.lg g-1).4 It is suggested that 
the weathering of underlying mine spoil rich in antimony-bearing minerals has formed 
the highly contaminated soils at this site. Soils adjacent to the spoil heap may be 
contaminated due to wind blown dust during early grinding activity at the mine and 
down-slope movement of mine spoil under gravity with continual weathering. 
A series of bulk surface soil samples are collected from the Wheal Emily site following 
examination of the geochemical map to enable further detailed site investigations. Bulk 
surface soils are collected at 5 m intervals (terrain permitting) along a 25 m transect 
from the centre of the spoil heap down towards the valley bottom, where soils are 
formed adjacent to the spoil heap. These bulk soil samples are coded BSOI-BS08 and 
the associated sampling map is shown in Figure 4.1 0. This sampling strategy is used to 
collect surface soils with variable total antimony concentrations and physical properties 
due to variations in the proportions of weathered mine spoil. 
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Figure 4.10 
Wheal Emily: Sampling Points for Bulk Soils 
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4.4.1.2 Investigations with selected soils 
Selected surface soils from the field sites at Wheal Emily (BSO 1-BS08) and Wheal 
Leigh (WLS) are processed in two batches using digest method A as described in 
section 3.1.2.2.1. Reference soils (NIST 2710, NIST 2711 and HRM2) and a reagent 
blank are digested in each batch. Field sample data is shown in Table 4.8 -and the 
associated quality control data is shown in Table 4.9. 
Table 4.8: Total Sb concentrations in selected surface soils from Wheal Emily and 
Wheal Leigh. 
Surface Soil Sample Measured Concentration (llg g·1) Mean Cone. 
(llg g·l) 
Replicate 1 Replicate 2 
BSOl 8188 8228 8208 
BS02 741 750 746 
BS03 12 12 1244 1228 
BS04 1281 1234 1257 
BS05 261 256 258 
BS06 ll4 115 114 
BS07 99.1 93.8 96.5 
BS08 26.7 25.0 25.8 
WLS 772 810 791 
T b1 4 9 Sb a e . . recovenes m re erence sm ty an ea et SOl ges s. fi 'ls (Wheal Emil d Wh I L 'gh ·1 di t ) 
Reference Certified Cone. Original Cone. Duplicate Cone. Mean Cone. Rec. 
Soil (J.lg g·l) (J.lg g·•) (J.lg g· •) (J.lg g· •) C'lo) 
NIST 2710 38.4 ± 3 36. 1 34.8 35.5 92.4 
NIST 2711 19.4 ± 1.8 19.1 18.6 18.9 97.3 
HRM2 4 .86" 4.52 4.36 4.44 91.3 
"Non-certified value (in-house reference material. £mperial College, London) 
Surface soils BSO 1-BS08 from the Wheal Emily site contain mean antimony 
concentrations in the range of 25.8-8208 11g g'1 and the Wheal Leigh soil contains a 
mean antimony concentration of791 11g g·1 (Table 4.8). Soils collected from sample 
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points adjacent to mine spoil at Wheat Emily (BS07 and BS08) exhibit the lowest 
antimony concentrations of 96.5 and 25.8 J..Lg g-1• Soils formed on the surface of mine 
spoil at Wheal Emily (BS01-BS06) and Wheal Leigh (WLS) contain notably higher 
concentrations of antimony (114-8208 J..Lg g-1). These concentrations are significantly 
elevated above background antimony concentrations reported for UK soils ( 1.1-8.6 
mg kg-1). ~0 Duplicate digestions of Wheat Ernily and Wheat Leigh surface soils show 
an acceptable standard of precision with < 10 % variation between replicate samples. 
Mean recoveries of antimony from reference soils digested with Wheal Emily and 
Wheal Leigh surface soils are satisfactory and range between 91.3-97.3 %(Table 4.9). 
4.4.2 Soil pH 
The pH of selected surface soils (BSO l-BS08 and WLS) from the Wheal Emily and 
Wheal Leigh sites are detennined using methodology described in section 3 .1 .2.1. 1. 
Soil pHs are detennined in MHU-Q water .and in O.OlM CaCh and these data sets are 
shown in Tables 4.1 0 and 4.11 respectively. 
Table 4.10: pH ofWheal Emily and Wheal Leigh surface soils in MiUi-Q water. 
Surfuce Soil Soil pH (Milli-Q water) 
Replicate 1 Replicate 2 Mean 
BSOl 7.22 7.2 1 7.22 
BS02 6.62 6.63 6.63 
BS03 6.8 1 6.81 6.8 1 
BS04 6.80 6.80 6.80 
BS05 6.55 6.55 6.55 
BS06 6.69 6.69 6.69 
BS07 6.6 1 6.61 6.6 1 
BS08 5.4 1 5.4 1 5.41 
WLS 8.06 8.09 8.08 
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Table 4.11 : pH of Wheal Emily and Wheal Leigh surfuce soils in 0.01 M CaCh. 
Surfuce Soil Soil pH (O.OlM CaCh) 
Replicate I Replicate 2 Mean 
BSOl 6.84 6.82 6.83 
BS02 6.33 6.29 6.31 
BS03 6.52 6.50 6.51 
BS04 6.45 6.42 6.44 
BS05 6.34 6.31 6.33 
BS06 6.50 6.47 6.49 
BS07 6.24 6.22 6.23 
BS08 5.07 5.05 5.06 
WLS 7.38 7.33 7.36 
Selected surface soils from the Wheal Emily site exhibit mean pHs in .the range of 
5.41-7.22 and 5.06-6.83 in Milli-Q water and O.OIM CaCh respectively. The surface 
soil from Wheal Leigh is more alkaline than the Wheat Emily surface soils and exhibits 
a mean soil pH of 8.08 and 7.36 in Milli-Q water and O.OlM CaCh respectively. Soil 
pHs are notably lower for all selected surface soils when measured in 0.0 I M CaCh 
medium. This is suggested to result from the displacement ofH ~ ions at the soil surface 
by the excess ofCa2+ ions (i.e. from dissolved CaCh) and indicates that the soils exhibit 
a net negative surface charge.174 
4.4.3 Organic matter content 
Organic matter content is determined in reference soils (GBW07405 and GBW07311) 
and in selected surface soils (BSO 1-BS08 and WLS) from the Wheal Emily and Wheal 
Leigh sites using the LOI methodology described in section 3.1.2.1.2. Data for 
reference and selected surface so ils is shown in Tables 4.1 2 and 4.1 3 respectively. 
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T bl 4 12 Or a e . gamc matter content m re erence sm s. fl 
Reference O.M Content ("/o) Non-certified Recovery 
Soil Original Duplicate Mean O.M. (%) (%) 
Sample Sample 
GBW07405 8 7 8 9.14 88 
GBW073ll 3 2 3 3.02 99 
Table 4.13: Organic matter content in Wheal Emily and Wheat Leigh surfuce soils. 
Surface Soil Organic Matter Content (%) 
Replicate I Replicate 2 Mean 
BSOl 11 lO ll 
BS02 17 17 17 
BS03 18 17 18 
BS04 15 15 15 
BS05 33 32 33 
BS06 34 34 34 
BS07 14 15 15 
BS08 2 1 21 21 
WLS 7 7 7 
Recoveries of organic matter from reference soils are 88 and 99% (Table 4.12). These 
recoveries are considered to be satisfactory given the approximate nature of the analysis 
method and the non-certified organic matter content in these soils. Selected surface 
soils from the Wheal Emily .site contain approximately 11 -34 % organic matter whilst 
the Wheal Leigh surface soil contains approximately 7 % (Table 4.13). Differences 
between organic· matter content in soils· from the Wheal Emily and Wheal Leigh sites 
are likely to result from the formation of soils in deciduous woodland and grassland 
environments respectively. Temperate woodland soils typically contain high organic 
matter content because high rates of organic matter deposition combined with cool 
climatic conditions facilitate low rates of organic matter decomposition. 174 Wheal 
Emily surface soils are notably more acidic than the Wheal Leigh surface soil (Tables 
4.10-4. 11 ). This observation may result from higher organic matter content and the 
potential influence of organic acids which may contribute to soil acidity. 
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4.4.4 Particle size distribution 
Particle size analysis is undertaken on selected surface soils from the Wheal Emily site 
(BS01-BS08) to examine differences in composition. Experimental methodology is 
described in section 3.1.2.1.3 and resultant analytical data is presented in Figure 4.11. 
The percentage composition of sands {0.06-2.0 mm fraction), silts (0.002-0.06 mm 
fraction) and clays (<0.002 mm fraction) in selected surface soils from the Wheat 
Emily site are shown to range between l 0.4-50.9 %, 41.4-71.9 % and 6.6-17.8 % 
respectively (Figure 4.11 ). Proportiens of sands and silts in soils BSO l-BS06 are 
relatively equal (37.7-50.9 % and 41.4-54.8 % respectively) however clay content is 
observed to be much lower-(6.6-13.1 %). 1n soils BS07 and BS08 a notably different 
composition of sands, silts and clays is observed. Sand content of these soils is much 
lower (10.4-18.2 %) than soils BS01-BS06 and contents of silts and clays (65.8-71.9% 
and 16.0-17.8 % respectively) are slightly higher than soils BSO l-BS06. 
Notably different proportions of sands, silts and clays in surface soils BSOI-BS06 and 
BS07-BS08 may reflect the age of the soil and the extent of rock weathering and soil 
forming processes at selected sample points. Soils BS07 and BS08 are formed off the 
spoil heap (Figure 4.10) and are likely to be mature soils, which are the product of 
extensive rock weathering and soil forming processes. Soils BSDI-BS06 are formed on 
the surface of exposed mine spoil as shown in Figure 4.10 and are therefore likely to be 
relatively young soils which are the product of less extensive weathering and soil 
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forming processes. Weathering of underlying mine spoil rich in antimony-bearing 
minerals has led to the formation of highly contaminated soils as previously described 
and soils BS01-BS06 exhibit total antimony concentrations in the range of 114-8208 
J..Lg g-1• Soils BS07 and BS08 exhibit lower total antimony concentrations of 25.8-96.5 
4.5 Physico-chemical characteristics of waters at the Wbeal Emily site 
Total antimony concentrations are determined in stream waters at the Wheat Emily 
mine site (WA1-WA7) and duplicate analysis is undertaken on two random samples. 
Total antimony concentrations are quantified using ICP-MS instrumentation and the 
associated methodology is described ..in section 3 .2.2.2. Total antimony concentration 
data is shown in Table 4.14 and a map of these concentrations is provided in Figure 
4.12. Measurements of pH, Eh, conductiv-ity .and dissolved oxygen content are also 
recorded at sample points WAl-WA7 and the associated data is shown in Table 4.15. 
Table 4.14: Total antimony concentrations in selected stream water samples from the Wheal 
E 'I . D1l!}'SitC. 
Stream Water Sample Original Sb Cone. Duplicate Sb Cone. Mean Sb Cone. 
(ng rnr1) (ngml'1) (ng rnl'1) 
WAI 7.04 6.97 7.01 
WA2 7.43 
-
7.43 
WA3 1.15 
-
1.15 
WA4 2.04 
-
2.04 
WA5 22.5 22.6 22.5 
WA6 19.0 - 19.0 
WA7 8.00 
-
8.00 
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Figure 4.12 
Wheal Ernily: Map ofTotal Antimony Concentrations in Stream Waters 
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T bl 4 15 r · Id a e . : ' le measurement da led ta at se ect stream water pomts at th Wh I E "I . e ea muy s1te. 
Sample Points pH Eh (mV) Conductivity (!lS) Dissolved Oxygen 
(%) 
WA1 8.1 +263 702 91 
WA2 8.2 +238 620 90 
WA3 8.0 +251 596 90 
WA4 8.0 +223 598 88 
WA5 8.3 +256 648 88 
WA6 8.2 +251 647 88 
WA7 7.9 +266 580 82 
Stream water samples from the Wheat Emily site exhibit total antimony concentrations 
in the range of 1.15-22.5 ng mt·1 and random duplicate analysis ofthese samples shows 
an acceptable standard of precision with < 10 % variability for replicate samples. 
Concentrations of dissolved antimony increase in the ad it stream, from 8 to 22.5 ng ml-1 
exceeding the WHO limit33 of 5 ng ml- 1 and concomitant increases in pH, dissolved 
oxygen content and conductivity are also observed in the ranges of 7.9-8.3, 82-88 % 
and 580-648 J.!S respectively. These data suggest that antimony, in addition to other 
unquantified constituents is leaching into the adit stream as it travels over contaminated 
soils and sediments derived f!om the mine spoil. Concentrations of dissolved antimony 
are observed to increase in the valley stream after the confluence with the adit stream 
and similar trends are observed for both the pH and the conductivity of valley stream. 
The pH of the valley stream increases from 8.0 to 8.2 and the conductivity of the valley 
stream increases from 596 to 620 J.!S after the confluence with the adit stream. 
Dissolved oxygen content in the valley steam increases from 88 to 91 %between 
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samples WA4 and WA1 although no significant influence is observed as a result ofthe 
ad it stream confluence. Stream water measurements of Eh are recorded in the range of 
+223 to +266 m V although no trends are observed throughout the site. 
4.6 Summary of results 
Total antimony concentrations are determined in surface soils from the Wheal Emily 
and Wheal Leigh field sites using an evaluated digest technique which involves ashing 
with Mg(N03) 2• Total antimony concentrations are mapped in surface soils at the 
Wheal Emily site to enable furt.her sampling of bulk soils with a range of total antimony 
concentrations. Bulk soils collected from Wheal Emily and Wheal Leigh are found to 
contain highly elevated concentrations of total antimony (114-8208 and 791 f.lg g-1 
respectively) as a result of their formation from mine spoil rich in antimony-bearing 
minerals. Surface soils adjacent to the spoil heap at Wheal Emily contain lower total 
antimony concentrations (25.8-96.5 1-1g g'1) than those formed on the surface of the 
mine spoil although these concentrations remain significantly elevated with respect to 
background concentrations in UK, soils. These elevated concentrations may result from 
the influence ofwind blown dust and down-slope movement of spoil under gravity with 
continual weathering. Soils fQrmed on the surface of mine spoil at Wheal Emily 
contain a larger proportion of sands in comparison to soils formed adjacent to the mine 
spoil. These observations may reflect the age of the soil and the extent of rock 
weathering and soil forming processes at the selected sample points. Adit stream 
waters at the Wheal Emily site increase in total antimony concentration rrom 8 to 22.5 
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ng ml-1 and concomitant increases in pH, dissolved oxygen content and conductivity are 
also observed. These data suggest that antimony, in addition to other unquantified 
constituents is leaching into the adit stream as it travels over contaminated soils and 
sediments derived from mine spoil. Surface soils from the Wheal Emily and Wheal 
Leigh sites exhibit some notable differences in pH and organic matter content. Wheal 
Emily surface soils are shown to be more acidic than soils derived from mine spoil at 
Wheal Leigh. These observations may result from the high organic matter content of 
Wheal Emily soils and the potential influence of organic acids which may contribute to 
soil acidity. Surface soils from the Wheal Leigh site contain comparatively less organic 
matter and organic acids may be less influential to the soil pH. 
124 
CHAPTERS.O 
PARTITIONING AND LEACHING OF ANTIMONY IN SOILS 
This chapter presents leach test data for soils BS01-BS08 from the Wheal Emily site and 
soil WLS from the Wheal Leigh site to- investigate solid state partitioning of antimony 
and characteristics of antimony release under controlled experimental conditions. Trends 
in the leach test data are de~cribed _and- comparisons ar_e drawn_ between soils from the 
two sites. 
5.1 So6d state partitioning of antimony 
Antimony is leached from soils using Milli-Q water, anunonium fluoride, sodium 
hydroxide and sulphuric acid Jeachants in the 5 step sequential chemical leach test, which 
is described in section 3 .1.2.2.2. Soils are leached in duplicate and leachates are analysed 
for total antimony using JCP~MS .instrumentation- as described in _section 3.2.2.2. 
Summary data for each of the 5 sequential chemical leaching steps is shown in Tables 
5.1-5.7. Tables 5.1-5.5 pre~nt__concentrations of antimony leached by the _5 Ieacbants for 
each soil. Table 5.6 presents concentrations of teachable antimony in soils derived from 
the sum of the five leach steps and these .concentratio_ns ate expressed as a percentage of 
the total antimony concentration for each soil. Table 5.7 enables a direct comparison of 
the leaching data for each soil by expressing the concentrations of antimony in each 
leachate _as a percentage of the total antimony concentration for each soil and a graphical 
representation of this data is presented in Figure 5.1. 
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Table 5.1: Concentrations of antimony leached by 
Mill' Q t . l h 1 1- wa er m eac step 
Surface Sb Concentration (~g g') 
Soil Replicate I Replicate 2 Mean 
BS01 79.9 166 123 
-
BS02 11.5 . 18.9 15.2 
BS03 21.9 32.6 27.3 
BS04 33.4 20.9 27.2 
BS05 1.15 2.99 2.07 
BS06 0.489 2.22 1.35 
BS07 1.59 3.14 2.37 
BS08 0.258 0.410 0.334 
WLS 38.4 38.1 38.3 
Table 5.2: Concentrations of antimony leached by 
0 125 M f1 'd A. l h 2 ammoruurn uon e m eac step 
Surface Sb Concentration (~g g-') 
Soil Replicate 1 Replicate 2 Mean 
BS01 121 99.0 110 
BS02 12.9 10.9 11.9 
BS03 9.04 16.4 12.7 
BS04 9.26 15.9 12.6 
BS05 1.72 2.47 2.10 
BS06 0.758 0.891 0.825 
BS07 1.01 1.25 1.13 
BS08 0.453 BDL -
WLS 8.50 6.96 7.73 
BDL: Diluted sample concentration below the 
method detection limit ( 1.12 ng ml-1) 
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Table 5.3: Concentrations of antimony leached by 0.1 
M d" h dr "d . l h 3 so mm ye mu em eac step 
Surface Sb Concentratio~ (J.Lg g-') 
Soil Replicate 1 Replicate 2 Mean 
BSOl 356 47_5 416 
BS02 55.1 74.6 64.8 
BS03 76.2 90.0 83.1 
BS04 87.0 61.5 74.3 
BS05 13.2 15.9 14.5 
BS06 5.49 5.99 5.74 
BS07 3.62 7.73 5.67 
BS08 BDL 0.315 -
WLS 65.1 54.2 59.7 
BDL: Diluted sample concentration below the 
method detection limit (0.63 ng ml-1) . 
Table 5.4: Concentrations of antimony leached by 
0 25 M I h . . d ' l h 4 smpJ unc act m eac step 
Surface Sb Concentration (J.Lg g-') 
Soil RepHcate 1 Replicate 2 Mean 
BSOl 530 680 605 
BS02 55.7 62.4 59.0 
BS03 87.3 96.1 91.7 
BS04 78.7 74.7 76.7 
BS05 22.9 27.3 25.1 
BS06 12.4 14.1 13.3 
BS07 9.32 10.2 9.77 
BS08 0.532 0.682 0.607 
WLS 90.3 88.4 89.4 
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Table 5.5: Concentrations of antimony leached by 
0 125 M fl . d B . 1 h t 5 ammoruum uon e m eac s eQ 
Surface Sb Concentration (~g ·g-') 
Soil Replicate 1 Replicate 2 Mean 
BSOl 155 87.3 121 
BS02 16.6 15.1 15.9 
BS03 40.6 40.0 40.3 
-
BS04 34.8 37.6 36.2 
BS05 9.92 10.1 10.0 
BS06 4.21 4.97 4.59 
BS07 2.32 1.85 2.09 
BS08 BDL BDL -
WLS 13.0 11.1 . 12.1 
BDL: Diluted sample concentration below the method 
detection limit (1 .28 ng ml-1) 
Table 5.6: Total and leachable (L 5 leach steps) antimony 
concentrations for each soil 
Surface Sb Concentration (~g g"') L 5 Leach Steps 
Soil Total L: 5 Leach Steps (% ofTotal Concentration) 
BSOl 8208 777 16.8 
BS02 746 169 22.4 
BS03 1228 255 20.8 
BS04 1257 227 18.1 
BS05 258 53.8 20.9 
BS06 114 25.8 22.6 
BS07 96.5 21.0 21.8 
BS08 25.8 1.70 6.62 
WLS 791 207 26.2 
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Table 5.7: Mean antimony concentrations from the sequential 
chemical leach test expressed as a percentage of the total antimony 
concentration for each soil 
Leachant Solution 
Surface Milli-Q 0.125 M 0.1 M 0.25M 0.125 M 
Soil water Ammonium Sodium Sulphuric Ammonium 
Fluoride A Hydroxide Acid Fluoride B 
BSOI 1.5 1.3 5.1 7.4 1.5 
BS02 2.0 1.6 8.7 7.9 2.1 
BS03 2.2 1.0 6.8 7.5 3.3 
BS04 2.2 1.0 5.9 6.1 2.9 
BS05 0.8 0.8 5.6 9.7 3.9 
BS06 1.2 0.7 5.0 11.6 4.0 
BS07 2.5 ~.2 5.9 10.1 2.2 
BS08 1.3 1.8 1.2 2.4 BDL 
WLS 4.8 1.0 7.5 11.3 1.5 
BDL: Diluted sample concentration below the method detection 
limit (1.28 ng ml-1) 
Milli-Q water is shown to leach 1.35-123 IJ.g g-1 antimony from soils in step 1. The 0.125 
M ammonium fluoride leachant is termed A and B for steps 2 and 5 of the leach test 
respectively and 0.825-110 IJ.g g-1 antimony are- leached from soils in step 2, whilst 
2.09-121 11g g-1 antimony are leached from soils in step 5. The 0.1 M sodium hydroxide 
leaches 5.67-416 IJ.g g-1 antimony fro.m soils 1n step 3 and the 0.25 M sulphuric acid 
leaches 9.77-605 IJ.g g-1 antimony from soils in step 4. Antimony concentrations are 
below the instrumental detection limits in leachates derived from soil BS08 in steps 2, 3 
and 5 (1.12, 0.63 and 1.28 ng mr1 respectively) and the data for this soil is incomplete. 
The reliability of sequential leaGhlng data for soil BS08 is considered to be questionable 
and will not be discussed further in the context of this study. 
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Sequential chemical leach data for surface soils 
from the Wheal Emil~ and Wheal Leigh sites 
BS04 BSOS BS06 BS07 
Surface soil 
BS08 WLS 
• Milli-Q leachable 
0 125 M ammonium 
fluoride A leachable 
• 0.1 M sodiumhydro'\ide 
leach able 
0 0.25M ulphunc acid 
leachable 
0.125 M 811'1Jl'X)nium 
fluoride Bleachable 
Duplicate leachates from soils BSOI-BS07 in step 1 exhibit antimony concentrations 
which vary from the mean leachate concentration by > 10 % and this variability is 
observed for duplicate leachates from soils-BSOI-8805 and BS07 in successive.leach 
steps. Duplicate leachates from soil WLS exhibit antimony concentrations that vary from 
the mean leachate concentration by < 1-0 % in contrast to· those derived from soils 
BSOI-BS07. Extensive measures are undertaken to homogenise each soil (section 3.1.1) 
and ensure efficient agitation of.soil and leachant in each leaching test (sec-tion 3.1.2.2.2). 
_Howe_ver, antimony concentrations may vary in replicate leachates due to incomplete 
equilibration of antimony betw~n the liquid and solid pbases. - F~ctors which may 
influence the extent of antimony equilibration between the liquid and solid phases are 
discussed later in this chapter and rom_parisons are made betwe.en the different leaching 
conditions utilised in thil) study. 
A .wide range of antimony concentrations is leached .from the soils by· each leachant 
(0.825-605 J.lg g-1 antimony from soils BSOI-BS07 and 7.73-89.4 J.lg g-1 antimony from 
soil WLS). However, proportions oftot.alleached antimony (L 5 leach steps) are.similar 
for each soil despite notable differences in the total antimony concentration (96.5-8208 
J.lg g-1), organic matter content (7-34 %) and pH (6.32-7.36 in 0.01 M CaCh) of these 
soils as described in Chapter 4; Table 5,6 presents antimony concentratiOJI data for L 5 
leach steps and also expresses the data as a percentage of the total antimony 
concentration. This data indicates that 16.7-22.6 %of the total antimony roncentration is 
leached from soils BSOI-BS07 and 26.2% of the total antimony concentration is leached 
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from soil WLS. Large proportions of antimony remain m residual soil fractions 
following the application of this test (73.8-83.3 %) and both the partitioning of antimony 
in these soils and the efficiency of the leach test is discussed in chapter 8. 
Table 5. 7 highlights a number of. similarities betw.een the proportions· of total antimony 
leached from soils BSOI-BS07 by each leachant. These similarities can be visualised in 
Figure 5.1 and are apparent despite .the notable variations -in tolal antimony ~oncentration 
(96.5-8208 Jlg g-1), organic matter content (11-34 %), pH (6.23-6.83 in 0.01 M CaCh) 
and particle size distributioll- data (10.4--50.9 %.sand, 41.4-71.9 % silt and ii.6-l7.8 % 
clay) for these soils (Chapter 4). Highest proportions of antimony are leached from each 
soil by the 0.25 M sulphuric acid (6.1-J 1.6 %).and 0.1 M sodium hydro~ide (5.0-8:7 %) 
leachants. Proportions of total antimony leached by the 0.125 M ammonium fluoride 
leachant are notably higher .in .step 5 (0.125 M anunonium ..fluori_de B) than -in step 2 
(0.125 M ammonium fluoride A). Approximately 1.5-4.0 % of the total antimony is 
leached in step 5 and 0. 7-1,6 % of the total.antimo_ny is Jeached in step 2. Proportions of 
Milli-Q water leachable antimony are generally greater than those leached by the 0.125 
M ammonium fluoride leachant in _step _2 and are approximately 0.-8-2.5 % of.the total 
antimony in each soil. A number of significant relationships are observed between 
leached and total antim.ony concentrations in steps 1-5 and plots of these parameters are 
shown in Figures 5.2-5.6. Correlation coefficients (r2) for linear regression plots of total 
antimony versus mean antimony concentrations leached by Milli-Q water, 0.125 M 
ammonium fluoride A, 0.1 M sodium hydroxide, 0.25 M sulphuric acid and 0.125 M 
ammomum 
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fluoride B are 0.990, 0.997, 0.994, 0.999 and 0.960 respectively. A significant 
relationship is also observed between the soil pH in 0.0 I M CaCh and the concentration 
of antimony leached by the 0.125 M ammonium fluoride B leachant and the correlation 
coefficient (.-2) for a linear regression plot ofthese parameters is 0.973 (Figure 5.7). 
Proportions of antimony leached from soil WLS by each leachant are similar, in most 
-respects, to those of soils BSOI-BS07. Highest proportions of total antimony are leached 
by 0.25 M sulphuric acid and 0.1 M sodium hydroxide leachants and these proportions 
are approximately 11.3 % and 7.5 %respectively. Proportions of 0.125 M ammonium 
fluoride leachable antimony are higher in leach step 5 (0.125 M .ammonium fluoride B) 
than in leach step 2 (0.125 M ammonium fluoride A) and approximately 1.5 and 1.0 % of 
the total antimony is leached respectively. The proportion of Milli-Q water leachable 
antimony is approximately 4.8 % of the total antimony and this proportion is notably 
higher than that ofsoils BS01-BS07. However, the organic matter content of soil WLS 
(7 %) is _notably lower than the organic matter content of soils BS01-BS07 (11-34 %) and 
the soil pH in 0.01 M CaCb for WLS .(7.36) is JlOtabJy higher than that of ~oils 
BS01-BS07 (6.23-6.83) as described in Chapter 4. These differences may be influential 
to the observed proportiQIIS of Milli-Q water leachable antimony for -each soil and a 
further discussion of the~ results is presented in chapter 8. 
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Figure 5.3 
Total vs. 0.125 M ammnium fluoride A Jeachable antin"K>ny cones. in soils BSOI· 
BS07 from the WheaiFmily site 
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Figure 5.4 
Total vs. 0.1 M sodium hydroxide teachable antirmny cones . in soils BSOI -BS07 
from the Wheat Fmily site 
400.0 
300.0 
200.0 -
100.0 
• 
• 
y = 0.0498x+ 10.149 
R2 = 0.9943 
0.0 -f.L..---,--...,----,---,----.----,---,----,.-
0 1000 2000 3000 4000 5000 6000 7000 8000 
T otal cone. (microgram/g) 
136 
·oo 
a 
a 
2 
0 
! 
ci 
d 
0 
0 
" :0
.. 
fj 
.. 
..!! 
"Cl 
·r; 
.. 
0 
·r:: 
:l 
..c: g. 
~ 
2. 
"' N 
c:i 
Figure 5.5 
Total vs. 025 M sulphuric acid leachable antirmny cones. in soils BSOI-BS07 
.fromthe WheaLFmily site 
600 
500 
400 
300 y == 0.0733x + 1.0306 
R2 = 0.9988 
200 
lOO 
• 
0 ~----.-----.-----.-----,----,,----.-----.-----.---
0 JOOO 2000 3000 4000 5000 6000 7000 8000 
Total cone. (microgram/g) 
137 
.., 
6 
e 
CO 
e 0 
:g 
0 
c 
0 
0 
0 
:0 
.. 
..c 
0 
.. 
.!! 
CQ 
0 
-o 
•t: 
0 
:> 
<;::1 
e 
::s 
·a 
0 
e 
e 
.. 
~ 
.,... 
£:! 
0 
Figure 5.6 
Total vs. 0.125 M amroonium fluoride Bleachab le antiirony cones. In soils BSOI-
BS07 from the WbeaJ Fmily site 
140 
120 
lOO 
80 
60 
40 
20 
• 
0 t 
0 
• 
• 
• 
1000 2000 3000 4000 5000 
Total cone. (microgram/g) 
138 
y = 0.014x+9.0209 
R2 = 0.9596 
6000 7000 
• 
8000 
Figure 5.7 
Soil pH vs. 0.125 M lliTIIJDruum fluoride B teachable antixmny cones. 
in soils from the Wheal F.mily s.ite 
125 
• 
lOO 
50 
• 
25 
• 
• 
0 • 
62 6.3 6.4 6.5 6.6 6.7 6.8 
Soil pH (0.01 M calcillll chloride) 
139 
6.9 
5.2 Antimony leaching characteristics 
Short and long-term leaching characteristics of antimony and the influence of soil and 
leachant solution pH on antimony leaching are investigated in soils BSO l -BS08 and WLS 
from the Wheal Emily and Wheal Leigh sites, respectively, and leach tests used for these 
investigations are described in section 3.1.2.2.3. Tests are performed in duplicate for 
each soil and total antimony coneentrations are determined -in leachate solutions using 
ICP-MS instnunentation as described in section 3.2.2.2. 
5.2.1 Short-tenn leaching 
Short-term leaching of aptimony is determined in soils using Leach Test 1, which is an 
adapted version of a compliance test for granular waste materials (EC CEN/TC292). 
Leaching is investigated following the agitation of each soil with Milli-Q water at a L:S 
ratio of 10 for 24 hours as described in section 3.1.2.2.3. Table 5.8 shows the 
concentrations of antimony leached from .each soil and also -expresses the data as a 
percentage of the total antimony concentration for each soil. 
T bl 58 L hed a e .. eac fc L h T antunony concentrations or eac est 
Surface Total Sb Cone. Leached Sb (~g ·l) Leached Sb 
Soil ()lg g·l) Replicate 1 Replicate 2 Mean (%of Total Cone.) 
BSOI 8208 45.8 43.3 44.5 0.5 
BS02 746 6.62 6.41 6.52 0.9 
BS03 1228 9.84 9.88 9.86 0.8 
BS04 1257 9.07 11.5 10.3 0.8 
BS05 258 2.05 2.14 2.09 0.8 
BS06 114 1.34 1.40 1.37 1.2 
BS07 96.5 1.17 1.18 1.17 1.2 
BS08 25.8 0.132 0.148 0.140 0.5 
WLS 791 7.52 7.65 7.59 1.0 
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A wide range of antimony concentrations (0.140-44.5 ~g g-1) is leached from soils under 
these test conditions. However, similar pr.oportions of the total antimony concentration 
are leached from each soil (0.5-1.2 %) despite notable differences in total antimony 
concentration (25.8-8208 ~g g-1), organic matter content (7-34 %) and soil pH (5.06-7.36 
in 0.0 l M CaCh) as described in -Chapter 4. A significant relationship is observed 
between total and leached antimony concentrations for soils BS01-BS08 and the 
correlation coefficient(~) for a linear regression plot of these parameters is 0.991 (Figure 
5.8). Soils are leached using Milli-Q water at pH 5.5 in both· L-each Test I and step 1 of 
the .sequential chemical leaching test. However, concentrations of leached antimony are 
notably lower for each soil in Leach Test 1 (1.17-44.5 ~g g-1) than in step 1 of the 
sequential chemical leach test (1.35-123 ~g g-1) and these observations may reflect the 
lower L:S ratio ofLeach Test 1. L:S ratios for Leac-h Test l.and step I ofthe sequential 
chemical leach test are 10 and 16 respectively and antimony leaching may be retarded to 
a greater extent in Leach Test .1 .due to more rapid saturation of the leachant by other 
readily soluble ions. This phenomenon is recognised as the 'common-ion' effect. 
Replicate leachate antimony ~oncenttations are less wriable in Leach Test I -than in step 
1 ofthe sequential chemical leach test. This observation may reflect differences between 
the extent of antimony equil-ibration between the liqui.d and solid-phases in each .test. A 
lower L:S ratio and a longer leaching duration is used in Leach Test I and these leaching 
parameters may enable improved equilibration of antimony between the liquid and solid 
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Figure 5.8 
Total vs. leached antir:oony cones. from Leach Test 1 for soils BS01-BS08 
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phases. The majority of replicate soil leachates in Leach Test 1 (BS01-BS03, 
BS05-BS08 and WLS) exhibit < 10 % variability from their mean leachate antimony 
concentrations. However, similar correlation coefficients (r) of 0.990 and 0.991 are 
observed for soils BS01-BS07 when total antimony concentrations are plotted against 
leached antimony concentrations from Leach Test 1 and step 1 of the sequential chemical 
leach test respectively. 
5.2.2 Long-term leaching 
Long-term leaching characteristics of antimony are determined in soils BSOI-BS08 and 
WLS using Leach Test 2, which is a serial batch method adapted from a Dutch leaching 
test procedure (NEN7343) .. S.o.ils ar.e leached with Milli-Q water (initially adjusted to .pH 
4.0) at a L:S ratio of 20. The leachant is replaced every 24 hours over a total leaching 
period of 120 hours as described in section 3.1.2.2.3 and this is undertaken to minimise 
leachant solubility constraints from the 'common-ion' effect. Concentrations of 
antimony leached from each soil at cumulative L:S ratios of20, 40, 60, 80 and 100 are 
shown in Tables 5.9-5.13 and Table 5.14 shows the sum of the mean cumulatively 
leached antimony concentt:ations for each soil. Table 5.15 presents measurements of soil 
and leachant pH for each soil following leaching at each cumulative L:S ratio. 
Cumulative L:S ratios ~e plotted .against mean cumulatively leached antimony 
concentrations to establish leaching profiles for antimony in each soil and these plots are 
shown in Figures 5.9 and 5.10 for soils BS01-BS08 and WLS respectively. Figure 5.1 1 
143 
enables a direct comparison ofthe leaching profiles for antimony in each soil by plotting 
cumulative L:S ratios against mean cumulatively leached antimony concentrations 
expressed as a percentage of the total antimony concentration. 
T bl 59 L h d t' a e . . eac e an 1mony concentrations at LS ratio o m eac est f20' L h T 2 
Surface Total Sb Cone. Leached Sb Cone. (JJ,g g·') Leached Sb 
Soil (~g g-1) Replicate I . Replicate 2 Mean .(% ofTotal Cone.) 
BS01 8208 89.4 79.5 84.5 1.0 
BS02 746 928 7.37 8.33 1.1 
BS03 1228 11.1 15.3 13.2 1.1 
BS04 1257 11.7 15.2 13.5 1.1 
BS05 258 2.87 3.73 3.30 1.3 
BS06 114 1.75 1.84 l.80 1.6 
BS07 96.5 2.04 1.62 1.83 1.9 
BS08 25.8 0.199 0.153 0.176 0.7 
WLS 791 11.8 13.4 12.6 1.6 
Table 5.10: Leached antimony concentrations at cumulative L:S ratio of 40 in 
Leach Test 2 
Surface Total Sb Cone. Leached Sb Cone. (~g g' ') Leached Sb 
Soil (Jlg g·l) Replicate 1 Replicate 2 Mean (% ofTotal Cone.) 
BSOl 8208 49.9 46.5 48.2 0.6 
BS02 746 6.97 5.02 5.99 0.8 
BS03 1228 9.72 8.26 8.99 0.7 
BS04 1257 12.8 13.2 13.0 l.O 
BS05 258 2.05 2.75 2.40 0.9 
BS06 114 l.ll 0.961 1.04 0.9 
BS07 96.5 1.33 0.967 1.15 l.2 
BS08 25 .8 0.165 0.143 0.154 0.6 
WLS 791 5.90 5.70 5.80 0.7 
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Table 5.11: Leached antimony concentrations at cumulative L:S ratio of 60 in 
Leach Test 2 
Surfuce Total Sb Cone. Leached Sb Cone. (Jlg g-1) Leached Sb 
Soil (Jlg g·l) Replicate I Replicate 2 Mean ·(% ofTotal Cone.) 
BS01 8208 26.8 30.8 28.8 0.4 
BS02 746 4.00 5.07 4.53 0.6 
BS03 1228 6.17 8.46 7.31 0.6 
BS04 1257 4.93 7.51 6.22 0.5 
BS05 258 2.37 1.77 2.07 0.8 
BS06 114 0.576 0.783 0.679 0.6 
BS07 96.5 0.63-1 0.665 0.648 0.7 
BS08 25.8 0.0876 0.111 0.0991 0.4 
WLS 791 3.94 3.67 3.81 0.5 
Table 5.12: Leached antimony concentrations at cwnulative L:S ratio of 80 in 
Leach Test 2 
Surface Total Sb Cone. Leached Sb Cone. (Jlg g·) Leached Sb 
Soil (J.lg g·l) Replicate 1 Replicate 2 Mean (% ofTotal Cone.) 
BS01 8208 20.7 20.6 20.6 0.3 
BS02 746 2.25 2.31 2.28 0..3 
BS03 1228 4.91 4.93 4.92 0.4 
BS04 1257 3.15 5.01 4.08 0.3 
BS05 258 0.816 0.735 0.776 0.3 
BS06 ll4 0.334 0.352 0.343 0.3 
BS07 96.5 0.433 0.409 0.421 0.4 
BS08 25.8 0.0253 0.0898 0.0576 0.2 
WLS 791 2.65 2.61 2.63 0.3 
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Table 5.13: Leached antimony concentrations at cumulative L:S ratio of 1 00 in 
Leach Test 2 
Surface Total Sb Cone. Leached Sb Cone. _(J.lgJf) Leached Sb 
Soil (J.Lg g-1) Replicate 1 Replicate 2 Mean (% ofTotal Cone.) 
BSOl 8208 24.5 18.5 21.5 0.3 
BS02 746 3.21 3.88 3.55 0.5 
BS03 1228 4.34 4.39 -4.36_ 0.4 
BS04 1257 4.86 4.12 4.49 0.4 
BS05 258 0.912 0.869 -0.890 0.3 
BS06 114 0.402 0.375 0.389 0.3 
BS07 96.5 0.474 0.374 0.424 0.4 
BS08 25.8 0.0514 0.0722 0.0618 0.2 
WLS 791 1.87 1.84 1.86 0.2 
Table 5.14: L: antimony concentrations leached at each cumulative L:S 
ratio in Leach Test 2 
Surface Total Sb Cone. L: Leached Sb Cone. L: Leached S b 
Soil (J.Lg g-1) (J.Lg g-1) (%of Total Cone.) 
BS01 8208 204 2.5 
BS02 746 24.7 3.3 
BS03 1228 38.8 3.2 
BS04 1257 41.3 3.3 
BS05 258 9.43 3.7 
BS06 114 4.24 3.7 
BS07 96.5 4.47 4.6 
BS08 25.8 0.548 2.1 
WLS 791 26.7 3.4 
T bl 5 15 S il d I h a e 0 an eac ant so u ton p1 s a cumu a tve lt' H t lt' LS ratLos o f20 100 -
Cumulative BS01 BS02 BS03 BS04 BS05 BS06 BS07 BS08 WLS 
L:S ratio 
20 7.20 6.69 6.93 6.95 6.76 6.85 6.89 5.93 8.19 
40 7.48 6.85 6.98 6.97 6.73 6.80 6.82 6.02 8.11 
60 7.63 6.94 7.1 2 7.07 6.93 7.07 7.06 6.34 7.98 
80 7.24 6.67 6.76 6.75 6.49 6.55 6.66 6.03 7.80 
lOO 7.13 6.72 6.81 6.78 6.56 6.59 6.72 6.14 7.59 
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Figure 5.9a 
Uurnlative L:S ratio vs. cunulatively leached antirrony cone. for soil BSOl from 
the Wheat Fmily site 
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Figure 5.9b 
OmJJiative L:S ratio ~s. cumulatively leached antiunny oonc..-for soil BS02 from 
the WheaJ Emily s.ite 
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Figure 5.9c 
Guru la live L:S ratio vs . curwlatively leached antiroony cone. for soii.BS03 from 
the Wbcal Fmily site 
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Figure 5.9d 
Cumulative L:S ratio vs . curwlatively leached antirmny cone. for soil BS04 from 
the.WheaiHnily site 
/ 
0+-----.-----.-----.-----.-----r-----.----,.----.-----.-----. 
0 lO 20 30 40 50 60 70 80 90 lOO 
Ctanulat ive L:S ratio 
150 
'cii 
l 
0 
i; g 
0 
c: 
0 
0 
-a 
0 
.<: 
il 
.!! 
.?;> 
0 
·~ 
.. 
;; 
~ 
u 
Figure 5.9e 
Ourulative L:S mtio vs. cunulatively leached ant.umny cone. for so il BS05 from 
the Wheat fJnily site 
lO 
9 -
8 -
7 
6 
5 
4 
3 
2 
0 ~---------.----.----.-----.----.----.-----.----.----. 
{) 10 20 3{) 40 50 70 80 90 
Cwnulative L:S ratio 
15 1 
..., 
El 
6, 
e 
.I! 
5 
u 
" 0 0 
"'0 
u 
1i 
.. 
~ 
» 
0 
-~ 
.. 
;; 
e 
" u 
Figure 5.9f 
O.umlative L: S mtio vs. cuiWlatively leached antiloony cone. fur soil BS06 from 
the Wheal Froily site · 
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Figure 5.9g 
Curmlative L:S ratio vs . curmlatively leached antitmny.conc. for soil BS07 .from 
the Wheal Froily s ite 
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Figure 5.9b 
Qurulative L:S ratio vs. cuiTIJlatively leached antimmy cone. for soil BS08 from 
the Wheal Finily site 
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Figure 5.10 
0.11rulative L:S ratio vs . currulatively leached antimmy cone. for so il WLS from 
lhe Wheal Leigh site 
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Cumulative L:S ratio vs. cumulat ively leached anturony cones. 
(as% of total) lo r so ils 13SOJ-BS08 and WLS 
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Highest concentrations of antimony (0.176-84.5 J.l.g g"1) are leached from each soil in the 
early stages of the test (L:S ratio of 20) and decreasing concentrations are leached from 
each soil as the cumulative L:S ratio is increased to 80. A similar range of antimony 
concentrations is leached from these soils at cumulative L:S ratios of 80 and 100 and 
these ranges are 0.0576-20.6 and 0.0618-21.5 j.l.g g·' antimony respectively. Leaching 
profiJes are observed to be similar for soils BSOl-BS08 and WLS (Figures 5.9-5.11) and 
an interpretation of these profiles is presented in Chapter 8. 
The majority of replicate leachates for each cumulative L:S ratio exhibit antimony 
concentrations with < l 0 % variability from their mean leachate antimony concentration 
although greater variability (> lO % from the mean concentrations) is observed more 
commonly in replicate leachates at cumulative L:S ratios of 20 and 60. Mean 
cumulatively leached antimony concentrations at a cumulative L:S ratio of I 00 range 
between 0.548-204 J.l.g g·1 antimony for soils BS01-BS08 and WLS and cumulatively 
leached antimony concentrations for each replicate exhibit < I 0 % variability from the 
associated mean concentrations. Similar proportions of antimony are leached from each 
soil at a cumulative L:S ratio of l 00 (2.1-4.6 %) despite the notable differences in total 
antimony concentration (25.8-8208 j.l.g g"1), organic matter content (7-34 %) and soil pH 
(5.06-7.36 in 0.01 M CaCh) as described in Chapter 4. Furthermore a significant 
relationship is observed between total and mean cumulatively leached antimony 
concentrations (cumulative L:S ratio of I 00) for soils BSO l-BS08 and the correlntion 
coefficient (?") for a Linear regression plot of these parameters is 0.997 (Figure 5.12). 
Soils BS01-BS08 exhibit soil and leachant solution pHs of 5.93-7.20 at a L:S ratio of20. 
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Figure 5.12 
Total vs curn.Jlatively Leached (at L:S ratio of lOO) antirmny cone. from Leach Test 
2 for soils BSOl·BS08 from the Wheat Fmily site 
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These pHs increase to 6.34-7.63 as the cumulative L:S ratio is increased to 60 and 
decrease to 6.14-7.13 as the cumulative L:S ratio is increased further to 100 (Figure 
5.13). -Soil and leachant solution pHs for soil WLS decrease continually from 8.19 to 
7.59 as the cumulative L:S ratio is increased from 20 to 100 and this observation is 
notably different to the soil and leachant solution pHs for soils BS01-BS08. Decreasing 
soil and leachant solution pHs for soil WLS correspond to decreasing leached antimony 
concentrations as L:S ratio is increased from 20 to 100. 
Mean cumulatively leached an(lDlony concentrations derived from Leach Test 2 at a 
cumulative L:S ratio of 100 (0.548-204 J..lg g-1) are notably higher than leached antimony 
concentrations in Leach Test 1 (0.140-44.5 J..lg g·1) for soils BS01-BS08 and WLS. These 
mean cumulatively leached antimony concentrations are also higher than leached 
antimony concentrations in leacb step 1 of the sequential chemical leach test for soils 
BS01-BS07 (1.35-123 J..lg g·1 antimony). These observations may reflect the influence of 
reduced leachant solubility constraints on leaching due to regular replacement of 
leachant, use of a higher L:S ratio of 20 and a longer leaching duration of 24 hours for 
each leaching phase. Increased leaching of antimony may also result from the adjustment 
of the Milli-Q water leachant to pH 4.0 prior to leaching and pH dependent leaching of 
antimony is examined in more detail in section 5.2.3 below. 
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5.2.3 pH dependent leaching 
The influence of soil and leachant solution pH on leaching of antimony from soils is 
determined using Leach Test 3. This test investigates the leaching of antimony from soils 
at controlled soil and leachant solution pH (4.0,- 7.0 m1d 10.0 ± 0.5) as described in 
section 3.1.2.2.3. Soils are leached for 8 hours at a L:S ratio of 5 and the pH of each soil 
and leachant solution is coutr-olled by the dropwise addition of either ID% nitric acid or I 
M sodium hydroxide. Soils BS01, BS04 and BS07 from the Wheal Emily site exhibit a 
range of total antimony concentrations, organic matter contents and pHs as described in 
Chapter 4 and these soils are investigated together with soil WLS from the Wheal Leigh 
site. Tables 5.16-5.18 p,resent -c-oncentrations of antimony leached from these soils at 
each soil and -leac-hant solution pH and concentration data is also expressed as a 
proportion of the total antijnony content fur e..aeh soil. Proportions of antimony leached 
from each soil at the specified soil and leachant solution pH conditions are plotted in 
Figure 5.14. 
Table 5.16: Leached antimony concentrations for Leach Test 3 at soil and 
I h I H f40+05 eac ant so utton pl 0 
-
Surface Total Sb Cone. Leached Sb Cone. (~g g- ) Leached Sb 
Soil (~g g-1) Replicate 1 Replicate 2 Mean (% ofTotal Cone.) 
BS01 8208 1.77 1.70 1.74 0.02 
BS04 1257 2.38 2.43 2.41 0.2 
BS07 96.5 0.275 0.272 0.273 0.3 
WLS 791 0.325 0.136 0.231 0.03 
161 
Tab.le 5.17: Leached antimony concentrations for Leach Test 3 at soil and 
I h I . H f7 0 + 0 5 eac ant so utton p1 0 - . 
Surface Total Sb Cone. Leached Sb Cone. (J.L: g-•) Leached Sb 
Soil (J.Lg g-1) Replicate 1 Replicate 2 Mean (%of Total Cone.) 
BS01 8208 28.5 35.0 31.7 0.4 
BS04 1257 6.88 7.91 7.40 0.6 
BS07 96.5 0.951 0.978 0.964 1.0 
WLS 791 1.50 1.45 1.47 0.2 
Table 5.18: Leached antimony concentrations for Leach Test 3 at a soil and 
I han l . H f100+05 eac t SO UtlOUpi 0 . -
Surface Total Sb Cone. Leached Sb Cone. (J.L g- ) Leached Sb 
Soil (llg g-1) Replicate 1 Replicate 2 Mean (% ofTotal Cone.) 
BS01 8208 130 121 125 1.5 
BS04 1257 29.6 35.0 32.3 2.6 
BS07 96.5 2.61 2.52 2.57 2.7 
WLS 791 23.9 22.0 23.0 2.9 
Antimony concentrations in the range of 0.231-2.41 llg g-1 are leached from soils BSO 1, 
BS04, BS07 and WLS when soil and leachant solution pH is adjusted to 4.0. Antimony 
concentrations in the range of 0.964-31.7 llg g-1 are leached from soils BS01, BS04, 
BS07 and WLS when soi1 and leachant solution pH is adjusted to 7.0. Antimony 
concentrations in the range of2.57-125 llg g-1 are leached from soils BSOl , BS04, BS07 
and WLS when soil and leacbant solution pH is adjusted to .1 0.0. Concentrations of 
antimony in replicate leachates exhibit < 10 % variability from the mean leachate 
antimony concentrations with the exception of WLS Jeachates .at pH 4.0 and BS04 
leachates at pH l 0.0. 
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Figure 5.14 
pH static leach test data for selected soils from Wheal Emily and Wheal Leigh 
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Lowest concentrations of antimony are leached when the pH of each soil and leachant 
solution is adjusted to 4.0 and these concentrations are accountable for 0.02-0.3% of the 
antimony concentration in~ sail. Highest concentrations of antimony are leached 
when the pH of each soil and leachant solution is adjusted to I 0.0 and these 
concentrations are accountable ibr 1.5-2.9 %_of the antimony .concentration in each soil. 
Increasing concentrations of antimony are leached as the soil and leachant solution pH is 
increased. This observation is app_arent despite notable differences in total antimony 
concentration (96.5-8208 J.lg g'1), organic matter content (7-15 %) and soil pH (6.23-7.36 
in 0.01 M CaCh) as described in Chapter· 4 and a discussion of this pH dependent 
leaching trend is presented in Chapter 8. Leaching data obtained for WLS in Leach Test 
3 shows agreement with the leaching data obtained for WLS in Leach Test 2, whereby 
continually decreasing concentrations of leached antimony are accompanied by 
continually decreasing soil and leachant solution pH. 
5.3 Summary of results 
Similar proportions of antimony are leached from each soil by the sequential chemical 
leach test (L S leach steps) despite notable variations in total antimony concentration, 
organic matter content and soil pH. 16.7-22.6% of the total antimony is leached from 
soils BSOJ-BS07 and 26.2 %of the total antimony is leached from soil WLS although 
large proportions of the total antimony in each soil (73.8-83.3 %) remain in the residual 
non-leached fractions. Highest proportions of antimony are leached from each soil by the 
0.25 M sulphuric acid and the 0. t M sodium hydroxide teachants and 0. t 25 M 
ammonium fluoride leaches higher proportions of antimony from each soil in leach stepS 
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than in leach step 2. Milli-Q water is fuund to leach notably higher proportions of 
antimony from soil WLS (4.8 %) than from soils BS01-BS07 (0.8-2.5 %) and soil WLS 
exhibits -the lowest organic matter content and the highest soil pH. A number of 
significant relationships are- obsei'Yed -between total -antimony and leached antimony 
concentrations for soils BSO 1-BS07 in the sequential chemical leach test and correlation 
coefficients (?) for linear regression plots of these parameters range between 
0.960-0.999. A significant and positive relationship is also observed between soil pH and 
the concentrations of antimony leached by 0.125 M ammonium fluoride (leach step 5) for 
soils BSOl ~BS07 and the correlation coefficient (?) for a linear regression plot of these 
parameters is 0.973. 
Similar proportions of antimony are leached from soils BSOI-BS08 and WLS in Leach 
Test l (0.5-1.2 %) despite the notable variations in total antimony concentration, organic 
matter content and soil pH. However, proportions of leached antimony derived from 
Leach Test l are notably lower than those derived from step 1 of the sequential chemical 
leach test. These observatiQDS may reflect _enhanced leachant solubility constraints from 
the 'common-ion' effect and may be due to the use of a lower L:S ratio. A significant 
relationship is observed between total antimony and leached antimony concentrations for 
soils BS01-BS08 in Leach Test 1 and the correlation coefficient (?) for a linear 
regression plot of these parameters is 0.991. 
Similar proportions of mean cumulatively leached antimony (cumulative L:S ratio of 
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lOO) are observed for soils BSOl-BS08 and WLS (2.1-4.6 %) in Leach Test 2 despite 
notable variations in total antimony concentration, organic matter content and soil pH. 
Furthermore the leaching profiles of cumulative L:S ratio versus mean cumulatively 
leached antimony concentration suggest similar_ long-term r.elease charactedstics of 
antimony for each soil. Highest concentrations of antimony are leached from each soil at 
a L:S ratio of20 and decreasing conc.enu:ations.of atttimony are leached as .the cumulative 
. L:S ratio is increased to 80. Similar ranges of antimony concentrations are leached from 
these soils at cumulative L:S ratios .of 80 and 100. · The pH of the soil and Jeachant 
solution for soils BSOl-BS08 is shown to increase as the cumulative L:S ratio is 
increased from 20 to 60 and then de.ereases -from 60 to 1_00 although the pH of the soil 
and leachant solution for soil WLS decreases continually as the cumulative L:S ratio is 
increased from 20 to lOO .. Proportions of mean cumulatively-leached .antimony from 
Leach Test 2..arenotably higher than proportions leached from Leach Test land step 1 of 
the sequential chemical le.ach test. These observations may reflect the .influence of 
reduced leachant solubility constraints in Leach Test 2 due to regular replacement of 
leachant, use of a higher L:S ratio of 20 and a lon~er duration of 24 .hour_s for each 
leaching phase. A significant relationship is observed between total and mean 
cumulatively leached antimony concentrations at a cumulative L:S ratio of 100 for soils 
BS01-BS08 and the correlation coefficient (r2) for a linear regression plot of these 
parameters is 0.997. 
Data from Leach Test 3 highlights a trend between soil and leachant solution pH and the 
concentrations of antimony leached from each soil. Increasing concentrations of 
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antimony are leached from each soil as the soil and leachant solution pH is increased and 
this observation is apparent despite notable differences in total antimony concentration, 
organic matter content and soil pH. Highest concentrations of antimony are leached from 
soils BSOI, BS04, BS07 and WLS when soil and leachant solution pH is adjusted to pH 
I 0.0 and lowest antimony concentrations are leached when soil and leachant solution pH 
is adjusted to 4.0. This data shows agreement with the leaching data derived from soil 
WLS in Leach Test 2, whereby continually decreasing concentrations of leached 
antimony are accompanied by continually decreasing soil and leachant solution pH. 
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CHAYfER6.0 
HPLC METHOD DEVELOPMENT FOR AQUEOUS ANTIMONY SPECIATION 
This chapter describes the development of HPLC methods to achieve improved 
simultaneous separations of inorganic SbV (SbV), inorganic Sblll (Sbiii) and organic 
trimethylated SbV (TMSb). The SbV species is potassium hexahydroxyantimonateV and 
the Sbiii species is potassium ·antimony Ill oxide tartrate hemihydrate. The TMSb 
species is trimethylantimony dichloride. 
Analyte detection is achieved by coupling HPLC and ICP-MS techniques and the general 
principles of these techniques are described in sections 3.2.2-3.2.3. A description ofthe 
HPLC-ICP-MS instrumentation and standard operating conditions is provided in section 
3.2.5. HPLC methods are appraised following their development and the most suitable 
methods are used to examine antimony speciation in environmental samples (Chapter 7). 
6.1 Development ofHPLC separations 
A detailed description of the HPLC columns, mobile phases and analytical standards used 
is provided in section 3.2.4. The TMSb standard used for HPLC method development is 
not commercially available and is synthesised in-house according to a previously 
published method} 69 Section 6.1.1 presents qualitative analytical data to examine the 
purity of this compound. Sections 6.12-6.14 present HPLC separations with Dionex 
AS4A, Phenomonex SAX-SB and Alltec HAAX stationary phases and an appraisal of 
these separations is presented in section 6.15. Analytical method development data is 
presented in Appendix Band the text refers to these data as Figures BI-839. 
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6.1.1 Purity of trimethylantimony dichloride 
6.1.1.1 18 and 13C NMR analysis 
Standard· 1H and 13C NMR technigues are used to analyse the TMSb compound in a 
saturated solution of 020 and the associated spectra are shown in Figures 6.1 and 6.2 
. respectively. A single peak is clearly observed in both spectra excluding the 0 20 peak 
observed in the 1H NMR spectrum. 
6.1.1.2 Pyrolysis GC-MS 
The chromatograph obtained from pyrolysis GC-MS analysis of the TMSb compound is 
shown in Figure 6.3. This chromatograph indicates a single major peak with a retention 
time of approximately 1.4 minutes and a minor peak with retention time (RT) of 
approximately 5.5 minutes. Three mass spectra are recorded (Figures 6.4, 6.5 and 6.6) at 
run times corresponding to resolution of the major peak (i.e. RT of 1.26, 1.40 and 1.46 
minutes respectively) and these spectra exhibit similar patterns of molecular 
fragmentation. An additional mass spectrum is recorded at_a run time corresponding to 
resolution of the minor peak {RT of 5.52 minutes) and a notably different molecular 
fragmentation pattern is observed (Figure 6.7). A mass spectrum obtained for the major 
peak on the TMSb chromatograph is compared with trimethylstibine (C3H9Sb), since the 
mass spectrum of trimethylantimony dichloride is not present in the software library 
(Figure 6.8). Similar molecular fragmentation patterns are observed between mass 
121-168 for these compounds although some additional molecular fragments are 
observed in the region of masses 185-187 and 200-204 for the TMSb compound. 
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Figure 6.3 
Pyrolysis GC-MS chromatograph for TMSb 
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) 
Figure 6.4 
Mass spectrum 1: 
Major pyrolysis GC-MS peak (retention time, 1.26 minutes) 
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Figure 6.5 
Mass spectrum 2: 
Major pyrolysis GC-MS peak (retention time, 1.40 minutes) 
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Figure 6.6 
Mass spectrum 3: 
Major pyrolysis GC-MS peak (retention time, 1.46 minutes) 
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Figure 6.7 
Mass spectrum 4: 
Minor pyrolysis GC-MS peak (retention time, 5.52 minutes) 
~ 
~ 
~ 
~ 
.., 
~ 
f-S!I 
~~ !=! 
-a.. ~ ~~ 
~- :8 :8 J.~ 
-:n ::;.:= ;;h 
-8 ~ !t!-
~i!l -
~"'-~,.-- ~ -= ~ !;<~ 
:ll- ~-
~~ ~ .a-. 
~H~ ~ #. 8!11 ~ :8 ~T ~I . re ~ 
176 
Figure 6.8 
Mass spectra for synthetic TMSb compound (major pyrolysis GC-MS peak) 
and trimethylstibine (C3H9Sb) 
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6.1.1.3 CHN elemental analysis 
Data obtained from C H N elemental analysis of the TMSb compound is shown in Figure 
6.9 and concentrations of elemental C and H in the compound are calculated to be 
15.83% and 3.72% respectively. Concentrations of C and H. calculated from the 
molecular structure oftrimethylantimony dichloride are 15.15% and 3.82% respectively. 
6.1.1.4 Melting point data 
The melting point of the TMSb compound is established by making 10 repeat 
measurements of sub-samples from the homogenised synthetic yield. The initial melting 
point range is established in the region of 219-222 °C. However, some sub-samples 
exhibit only a partial melt in this temperature region and other sub-samples fail to melt at 
temperatures up to 400 °C. The synthetic yield is subsequently re-dissolved in hot water, 
reduced to low volume 1.1sing a rotary evaporator and allowed to re-crystallise slowly in 
the refrigerator as suggested in the published method169 to reduce the concentration of 
impurities in the yield. The melting point range of the re-crystallised yield is 
re-examined by making 10 measurements as described above. These data are presented 
in Table 6.1 and produce a melting point range of228-233 °C. 
178 
Figure 6.9 
CHN Elemental analysis data 
15 May 2000 11:58 Hrs 
WEIGHTS - EMASYST NCH 
Run Sample Ref Tare Wt Gross Wt Weight (?)N% (?) C% (?) H% 
2 . BLANK 0 . 0000 0.0000 0 . 0000 0.00 0.00 0 . 00 
3 eye 0.0000 0.8100 0 . 8100 20.14 51.79 5.07 
4 eye 0.0000 1.4900 1. 4900 20. 14 51 . 79 5 . 07 
5 eye 0.0000 1 . 5100 1.5100 20.14 51.79 5 . 07 
6 tmade 0.0000 1.8900 1 . 8900 0.00 0.00 0.00 
7 tmade 0.0000 1.4800 1.4800 0 . 00 0.00 0.00 
8 tmadc 0.0000 1. 7700 1.7700 0.00 0 . 00 0.00 
9 eye 0 . 0000 1.5000 1 . 5000 20.14 51.79 5.07 
10 eye 0 . 0000 1. 2400 1 . 2400 20.14 51 . 79 5.07 
11 eye 0.0000 1.6200 1.6200 20.14 51.79 5.07 
15 May 2000 11:59 Hrs 
FACTORS - EMASYST NCH 
Run Std NTh eo NRslt NDevn CTheo CRslt CDevn HTheo HRslt HDevn 
3 eye 20 .14 20.54 +0.40) 51.79 52.30 +0. 51) 5.07 2.81 -2.26) 
4 eye 20. 14 19 .62 -0.52) 51.79 50.69 -1.10) 5.07 5.49 +0.42) 
5 eye 20. 14 19.87 -0.27 51.79 51.74 -0.05 5.07 5.59 +0.52) 
9 eye 20.14 20.21 +0 .07 51.79 52 . 55 +0.76) 5.07 5.78 +0. 71) 
10 eye 20 .14 20.11 -0.03 51.79 51.05 -0.74) 5.07 4.55 -0.52) 
11 eye 20.14 20.48 +0. 34) 51.79 52.40 +0. 61) 5.07 6.18 +1.11) 
15 May 2000 11:59 Hrs 
RESULTS - EMASYST NCH 
Run .Sample Ref NTh eo NRslt NDevn CTheo CRslt CDevn HTheo HRslt HDevn 
3 eye 20.14 +20. 54 ( +0.40) 51.79 +52.30( +0.51) 5.07 +2.81( -2. 26) 
4 eye 20.14 +19. 62 ( -0.52) 51 . 79 +50.69( -1.10) 5 . 07 +5.49( +0.42) 
5 eye 20.14 +19.87 -0.27 51 . _79 +51.74 -0.05 5 . 07 +5.59( +0 . 52) 
6 tmade -0.95 +16 .oD +4. 26 ~ 
7 tmade -1.21 +15 . 77 \S -'lS3i.- +3. 08 3 ·l'l... '"' 
8 tmade -1.01 +15.72 +3.83 -
9 eye 20.14 +20.21 +0.07 51.79 +5 2 . 55( +0.76) 5.07 +5. 78 ( +0.71) 
10 eye 20.14 +20.11 -0 .0 3 51.79 +51. os ( -0.74) 5.07 +4. 55 ( -0.52) 
11 eye 20.14 +20. 48 ( +0 .34) 51.79 +52.40( +0.61) 5.07 +6.18( +1.1_1) 
179 
a e . : e tmg pomt ata r . d fo TMSb T bl 61 M I. 
Sub-sample number Melting Point (°C) 
Start End ' 
1 224 230 
2 225 230 
3 230 234 
4 231 234 
5 230 234 
6 230 234 
7 226 233 
8 225 230 
9 231 235 
10 230 235 
Mean Values 228 233 
6.1.1.5 Total antimony concentration 
A mass of0.09450 g ofthe TMSb compound is weighed into a 100 ml volumetric flask 
and diluted to volume with 2 % nitric acid in Milli-Q water. This dilution produces an 
antimony concentration of 483.8 mg r 1 assuming the TMSb compound is 100 % pure 
trimethylantimony dichloride ( 51.2 % Sb ). This solution is diluted with 2 % nitric acid in 
Milli-Q water to produce duplicate test solutions with an antimony concentration of 96.8 
ng ml-1• Test solutions and a reagent blank are analysed by ICP-MS using methodology 
described in section 3.2.2.2. Calibration standards exhibit a linear regression correlation 
coefficient of 0.999 and measured antimony concentrations in duplicate test solutions of 
TMSb are 98.7 and 99.7 ng mf1• 
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6.1.2 Separations with the Dionex AS4A stationary phase 
lsocratic separations of TMSb and SbV are achieved using a previously developed 
method. 170 HPLC conditions include the use of 1.0 mM ammonium hydroxide mobile 
phase at a flow rate of 1.0 ml min-1 and a oommercially available Dionex AS4A column 
(250 x 4.0 mm) operated at a temperature of20 °C. These conditions generate a column 
back pressure of approximately 1000 psi and enable the elution of TMSb and Sb V with 
retention times of99 and 180 seconds respectively (Figures Bl-B3). Separation of Sblll 
is unsuccessful using *ese conditions because the species is not eluted from the 
analytical column. Typical calibration curves for mixed standards of TMSb and SbV in 
the concentration range of 0-50 ng ml-1 exhibit linear regression correlation coefficients 
of0.998-0.999 (Figures B4a-B4b). Detection limits for this analytical method are 0.322 
and 0.555 ng ml-1 for TMSb and SbV respectively and % RSD values are 6.58 and 8.67 
respectively. Detection limit calculations -are based on 10 repeat injections of the lowest 
calibration standard (2 ~ ml-1 TMSb and SbV) and multiplication of the peak area 
standard deviation by three. 
6.1.3 Separations with the Pheoomenex SAX-SB stationary phase 
Extensive method development is undertaken with this stationary phase at 20 oc in a 40 x 
4.6 mm column to achieve simultaneous separations of Sbiii, SbV and TMSb species and 
a summary of these investigations is provided by the flow diagram in Figure 6.1 0. The 
SbV species is successfully eluted with all mobile phases listed in section 3.2.4. 
181 
00 
IV 
Figure 6.10 
Summary of method development with SAX-SB stationary phase at 20 °C 
However, elution of the Sbiii species is considerably more difficult and is achieved with 
only two of the specified mobile phases. Lintschinger et af9 report a mobile phase 
containing KHP (2mM) and EDTA (20mM) at pH 4.5 to separate Sbiii and SbV species 
using a Hamilton PRP-JPOO anion exchange column and this mobile phase is further 
evaluated with the SAX-SB .stationary phase in this study. The KHP (2mM) and EDTA 
(20mM) mobile phase enables elution of both SbV and Sbiii when injected as individual 
standards (Figures 85-JJ6). However, extensive peak tailing is observed for SbV and 
Sblll is resolved as a very broad peak which co-elutes with SbV. 
Ammonium tartrate mobile phases have previously been used for the chromatographic 
separation of antimony species50 and more favourable separations of antimony species 
are achieved when using this mobile phase component -in conjunction with the SAX-S8 
stationary phase in this study. These separations are described in more detail in sections 
6.1.3 .1 and 6.1.3.2 below. 
6.1.3.1 Isocratic separations 
Preliminary investigations are undertaken using l 00 mM ammonium tartrate in the pH 
range of 3.0-6.5 in accordance with column pH tolerance and a flow rate of 1.0 ml min-1 
is utilised which generates a column back pressure of around 150 psi. At pH 6.5 only 
SbV is eluted from the column, however when the pH is lowered to 3.0 both species can 
be successfully eluted and an isocratic separation of the two _species is achieved (Figures 
87-89). Using these chromatographic conditions the SbV species is eluted as a sharp 
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peak with a retention time of around 88 seconds. The Sbiii species is observed to elute 
as a significantly broader peak with a retention time of around 221 seconds. The 
influence of lower ammonium tartrate concentration at pH 3.0 for the simultaneous 
separation of SbV and SbUI is evaluated using a concentration of 50mM ammonium 
tartrate. These chromatographic conditions enable elution of the SbV species as a sharp 
peak with an approximate retention time of 117 seconds and this retention time is slightly 
longer than that obtaine4 with lOO mM ammonium tartrate. However, the Sbiii peak 
becomes significantly broader and -a marked increase in retention time to 544 seconds is 
observed (Figure 810). Higher concentrations of ammonium tartrate are not investigated 
for simultaneous separations of Sb species because increased dissolved solid content of 
the mobile phase leads to rapid salt precipitation and blockage of the injector tube ofthe 
ICP-MS torch and sampler cone. These events prevent analyte detection by obstructing 
the aerosol and ion path to the mass spectrometer. 
Concentrations of 100 mM ammonium tartrate at pH 3.0 are shown to enable an isocratic 
separation ofSbV and Sbiii species. However, the influence of mobile phase flow rate is 
further evaluated in an attempt to improve the peak shape of Sblll. Separations of SbV 
and Sbiii are evaluated with 100 mM ammonium tartrate at pH 3.0 with flow rates of l.O 
and 2.0 rnl min-1 (Figures 89 and B 11 ). By increasing the flow rate from 1.0 to 2.0 rnl 
min"1 it can be seen that both SbV and Sblll exhibit sharper peak resolution and retention 
. times are reduced from ~6 to 47 seconds and 220 to 99 seconds respectively although 
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SbV elutes close to the solvent front. The column back pressure stabilises at around 290 
psi and baseline resolution is achieved for both species with a run time of around 3.5 
minutes. 
Whilst improvements ip. the chromatographic separation of SbV and Sbiii have resulted 
from adjusting both pH apd the flow rates of the mobile phases it is noted that the relative 
resolution ofSbiii is still somewhat poor by comparison to that of the SbV peak. Further 
strategies to sharpen the Sblll peak relative to the SbV peak are investigated by the 
addition of an organic solvent (methanol) to the mobile .phase in &n attempt to improve 
the affmity of the Sbiii species for the mobile phase. Simultaneous isocratic separations 
of SbV and Sblll are undertaken using mobile phases containing lOO mM ammonium 
tartrate at pH 3.0 with concentrations of methanol at 0, 3 and 8% v/v and a mobile phase 
flow rate of2.0 ml min-1 (Figures 812-814). Concentrations of methanol above 8% v/v 
are not investigated for chromatographic separations because without the introduction of 
oxygen to the plasma or the use of a desolvation unit the plasma is extinguished due to 
excessive carbon loading. The addition of methanol at both 3 and 8 % v/v is shown to 
have no significant influence on the peak shapes of either SbV or SbHI. However, a 
reduction in sensitivity is clearly observed as concentrations of methanol are increased in 
the tested mobile phases. This is demonstrated by a successive reduction in peak areas 
for SbV and Sblll species when proportions of methanol are increased in the mobile 
phase. Peak area counts are 1001957, 294096 and 110631 for SbV and 976437, 264421 
and 82068 for Sbiii in mobile phases containing 0, 3 and 8% methanol v/v respectively. 
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Typical calibration curves for mixed standards of SbV and Sbiii in the concentration 
range 0-100 ng ml"1 exhibit linear regression correlation coefficients of0.999 when using 
optimised mobile phase conditions of 100 mM ammonium tartrate at pH 3.0 and a flow 
rate of 1.0 ml min-1 (Fisures BISa-BISb). Limits of detection for SbV and Sbiii are 
0.264 and 0.177 ng mr1 respectively and % RSD values are 0.836 and 0.600 respectively. 
Detection limit calculations are undertaken as described in section 6.1.2 using a I 0 
ng ml-1 staridard ofSbV and SbiTL 
Simultaneous separations of SbV, Sblll and TMSb are evaluated following successful 
optimisation of chromatography for SbV and SbiU species. Preliminary investigations 
are undertaken by injecting both _an individual TMSb standard and a mixed standard 
containing SbV, Sblll and TMSb with a mobile phase composition of 100 mM 
ammonium tartrate at pH 3.0 and a flow rate of 2.0 ml mm·• (Figures B 16-B 17). Using 
these conditions no obvious chromatographic peak is observed for TMSb although a 
raised baseline is observ~ at around 700-800 seconds in both the individual and mixed 
standard chromatograms and this observation suggests that TMSb may be starting to elute 
at this time. Method d~velopment is continued in an attempt to achieve satisfactory 
resolution of the TMSb species. T!!Sts are conducted using 100 mM ammonium tartrate 
as .the primary mobile .phase component and the influence of flow rate and mobile phase 
pH in the range of2.0-7.8 is investigated. Organic solvents (methanol and acetonitrile) 
are also added to the mobile phase composition to investigate their influence on the 
resolution ofTMSb. The elution of a third species is more clearly observed when the 
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flow rate of the mobile phase (100 mM ammonium tartrate at pH 3.0) is increased to 3.0 
ml min-1• This species is assumed to be TMSb and is eluted at a retention time of 
approximately 270 seconds (Figure 818). However, the observed peak is very poorly 
resolved and the requi.reli increase in flow rate leads to extremely rapid elution of SbV 
and Sbiii with subsequent loss of baseline resolution for these species. Improved 
chro~ographic resolut,on ofTMSb is successfully llChieved by adjusting the pH of the 
mobile phase to pH 2.0 (Figure B 19). At this pH the TMSb species is eluted close to the 
solvent front over a periQd of around 200 seconds and the retention time of this species is 
110 seconds. The selective elution ofSbV and Sbm over TMSb at pH 3.0 in conjunction 
with improved elution ~f TMSb at pH 2.0 offers the potential for a simultaneous 
separation ofSbV, Sblli and TMSb species by the application of a pHgradient and these 
-investigations are .detailed in section 6.1.3.2. Individual additions of methanol and 
acetonitrile to the mobile phase at a concentration of 8 % v/v result in no further 
improvements to the resolution ofTMSb. In fact, the addition of methanol to the mobile 
phase leads to a distinct signal depression as described earlier and the addition of 
acetonitrile induces a high reflected power (in excess of 45 watts) in the ICP-MS 
instrumentation, forcing immediate termination of the chromatographic run. 
6.1.3.2 Gradient elution 
Gradient elution profiles are optimised for simultaneous separation of SbV, Sbiii and 
TMSb using a mobile phase of lOO mM ammonium tartrate. The eluent gradient that 
enables the best separation and resolution of all three species is comprised of a step 
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gradient after 3 minutes (Figure B20). The step includes a pH change from 3.0 to 2.0 and 
an increase in mobile phase flow rate from 1.5 to 2.5 ml min. ·I The application of this 
gradient system results in the baseline resolution ofSbV, Sblll and TMSb with retention 
times of 53, 90 and 29~ seconds respectively and a run time of around 7.0 minutes. 
However, severe problems are encountered with the reproducibility of this method and% 
RSD values for 5 repeat injections of mixed SbV, Sbiii and TMSb standards at 
concentrations of lOO ng m1· 1 are 22.9, 23.5 and 11.0 respectively. Problems with 
reproducibility are overcome by omitting the flow rate increase in the gradient profile at 
the expense of TMSb peak resolution and ensuring that all standard solutions are 
prepared in high-density polyethylene sample containers. A further refinement to the 
method includes the use of a flow rate at 1.2 ml min"1 as opposed to 1.5 ml min"1 for 
elution of SbV and Sblll to improve the resolution of SbV by preventing elution in the 
solvent front (Figure 821). Typical calibration curves for mixed standards ofSbV, Sbiii 
and TMSb in the concentration range 0-100 ng ml" 1 exhibit linear regression correlation 
coefficients of 0.999 (Figures B22a-B22c). Detection limits achieved by this analytical 
method are 0.0786, 0.253 and 0.482 ng rn1· 1 for SbV, Sbiii and TMSb respectively and% 
RSD values are 0.446, 1.48 and 3.12 respectively. Detection limit calculations are 
undertaken as described in section 6.1.2 using a 5 ng rnl"1 standard of SbV, Sblll and 
TMSb. 
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6.1.4 Separations with the Alltec HAAX stationary phase 
Extensive method develqpment is undertaken with this stationary phase in 40 x 4.6 and 
100 x 4.6 mm columns to .achieve improved peak resolution for the Sbiii and TMSb 
species in comparison tq the above SAX-SB stationary phase methodology. The flow 
diagram in Figure 6.11 summarises these investigations. A number of mobile phase 
compositions are exam"'ed in conjunction with this stationary phase and these are listed 
in section 3.2.4. However, mobile phases containing ..ammonium tartrate offer the 
greatest potential for sp~cies separations and these separations are described in more 
detail in sections 6.1.4.1. 
6.1.4.1 Ammonium tartrate mobile phases 
6.1.4.1.1 Isocratic separations 
Separations of SbV and Sblll species are initially investigated with the 40 x 4.6 mm 
HAAX column at 20 oc. Mobile phase conditions of 50 and 80 mM a.mmonium tartrate 
at pH 2.0 and 50 and lOO mM ammonium tartrate at pH 3,0 are used as previously 
described with the SAX-SB stationary _phase. These mobile phases are pumped at a flow 
rate of 1.2 ml min"1, which results in a column back pressure of approximately 365 psi. 
The SbV species is successfully eluted with all of these mobile phases. However, 
concentrations of at least 80 mM ammonium tartrate are required for satisfactory elution 
of Sblll. As with the SAX-SB column, optimum conditions for isocratic separation of 
SbV and SbiH are achieved using 100 mM ammonium tartrate at pH 3.0 and retention 
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Figure 6,11 
Summary of method developm~nt with HAAX s.tationary phase 
times fur SbV and Sblll species are approximately 138 and 290 seconds respectively 
(Figures 823-825). Typical calibration curves for mixed standards of SbV and Sbiii in 
the concentration range 0-100 ng ml-1 exhibit linear regression correlation coefficients of 
0.999 when using mobile phase conditions of 100 mM ammonium tartrate at pH 3.0 and 
a flow rate of 1.2 ml.min-1 (Figures B26a-B26b). Limits of detection for SbV and Sbiii 
are 0.0187 and 0.0587 ng mr1 respectively and % RSD values of 0.00624 and 0.0195 
respectively. Detection limit calculations are undertaken as described in section 6.1.2 
using a 2 ng ml-1 standard ofSbV and Sblll. 
Following the optimisation of !:Onditions for isocratic separation of SbV and Sbiii, 
chromatographic conditipns are examined for the elution of TMSb using a column 
temperature of 20 °C. Injections of individual TMSb standards are carried out using 
mobile phase compositions of 100 mM ammonium tartrate at pH 1.5, 3.0, 8.0 and 10.0 
and a flow rate of 1.2 ml min-1• At pH 1.5 and I 0.0 (Figures 827-828) satisfactory 
resolution ofTMSb is observed. Both mobile phases enable baseline resolution ofTMSb 
in less than 100 seconds y.rith respective retention times of 69 and 44 seconds. However, 
at pH 3.0 (i.e. optimised isocratic conditions for separation of SbV and Sbiii) the TMSb 
species is fuund to elute as a poorly resolved peak (Figure 829) and co-elutes with the 
Sbiii species (Figure 825). TMSb is not eluted from the chromatographic column at pH 
8.0. These results indicate that gradient elution for simultaneous separation ofSbV, Sbiii 
and TMSb is not possible with these chmmatographic conditions due to eo-elution of 
Sbiii with TMSb when a mobile phase of lOO mM ammonium tartrate at pH 3.0 is used. 
191 
Further attempts to achieve a separation ofSbiTI and TMSb at pH 3.0 are investigated by 
using a longer HAAX column (100 x 4.6 mm) at 20 oc. Resolution of individual SbV, 
Sbiii and TMSb standards is initially examined using mobile phases of lOO mM 
ammonium tartrate at pH 1.9, 2.4 and 3.0. Mobile phases are pumped at a flow rate of 
1.2 m1 min-1 and c~lumn back pressure is observed to stabilise at around 590 psi. 
Co-elution ofSbV, SbiTI and TMSb is observed when .using a mobile phase of pH of 1.9 
and eo-elution of Sbiii ~d TMSb is observed using mobile phase pH of 2.4. However, 
when a mobile phase at pH 3.0 is utilised an isocr.atic separation ofSbV, Sbiii and TMSb 
is favoured and this is inferred from Figures 830-832. SbV and Sbiii are eluted with 
good peak resolution and respective retention times are 316 and 655 seconds. TMSb is 
eluted as a poorly resolv~ chromatographic peak with a retention time of 1466 seconds. 
Resolution of the TMSb peak is successfully improved by using a mobile phase of 100 
mM ammonium tartrate at pH 2.0 as previously described with the HAAX 40 x 4.6 mm 
column (Figure 833). However, it is observed that the increased column length ~f l 00 
mm required for isocratic separation of Sbiii and TMSb results in a significantly broader 
TMSb peak than that ol;>tained with the 40 mm length column. Satisfactory peak 
resolution for. TMSb is obtained by using a mobile phase of l 00 mM ammonium tartrate 
at the lower pH of 1.2 (Figure 834). 
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6.1.4.1.2 Gradient elution 
Investigations of pH gradient elution profiles ~JJ"e initially undertaken using the HAAX 
stationary phase columns at 20 oc and mobile phases of lOO mM ammonium tartrate at 
pH 3.0 and 1.2 with a flow rate of 1.2 ml min-1• SbV and Sblll species are eluted with 
100 mM ammonium tartrate at pH 3.0, prior to the insertion of a 90 second linear 
gradient to lOO mM ammonium tartrate at pH 1.2, which commences after 750 seconds 
(Figures B35-B36). This analytical method enables the simultaneous separation of SbV, 
Sblll and TMSb. How~ver, unfortunately the TMSb species is subject to interference 
from a system peak and cannot be accurately quantified using this methodology. This 
observation is confirmed by injections of individual TMSb and reagent blank standards 
using the above described pH gradient (Figures B37-B38). The above described system 
peak may be attributed to a 'shock-elution' effect following implementation of the pH 
gradient from 3.0 to 1.2. Contributions to this -system .peak may result from 
pre-concentration of mo~ile phase impurities on the column at pH 3.0 311d rapid elution 
of these impurities at p,H J .2 _although to date these mobile _phase impurities require 
confirmation. Further <;:hromatographic method development work is undertaken to 
prevent the occurrence of this system peak durin_g simultaneous separations ofSbV, Sbiii 
~ TMSb. [nvestigatiops are undertaken to increase the reaction kinetics between the 
aqueous and stationary phase components and enable the use of less acidic mobile phase 
reagents. These investigations involve increasing the column temperature from 20 oc to 
60 oc by immersing the column in a thermostatically controlled water bath. 
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The increase in column temperature to 60 oc fucilitates a reversal in the elution order of 
the three antimony species and the use of less acidic ammonium tartrate mobile phases in 
the range of pH 1.5-2.3. Retention times for TMSb, Sbiii and SbV are 150, 350 and 475 
seconds respectively when using the 100 x 4.6 mm HAAX column at 60 °C. The use of 
I 00 mM ammonium tartrate at pH 2.3 is used to elute TMSb and a step gradient to 1 00 
mM ammonium tartrate at pH 1.5 (after 240 seconds) enables-elution of Sbiii and SbV. 
Mobile phases are pumped at 2.0 ml min-• throughout the 60 oc separation using the 100 
x 4.6 mm HAAX column to improve peak resolution and an example of the optimised 
chromatography is shown in Figure B39. Limits of detection for TMSb, SbiiT and SbV 
are 2. 74, 0.640 and 5.28 ng ml-1 respectively. Detection limit calculations are undertaken 
as described in section 6.1.2 using a 20 ng ml-1 standard ofTMSb, SbHI and SbV. 
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6.1.5 Summary and appraisal of chromatographic separations 
Table 6.2 presents a summary of the optimised HPLC methods developed in sections 
6.1.2-6.1.4. Chromatoaraphic conditions and detection limits are included for the 
separation ofSbV, Sblll and TMSb species. 
T bl 6 S a e .2: yO fHPLC separations 
HPLC Conditions Detection Limit 
(ng ml-1) 
Column Mobile Phase Gradient SbV Sbiii TMSb 
Elution 
DionexAS4A l.OmM 
250x4.0mm ammonium -hydroxide No 0.555 - 0.322 
at 20 ·°C at 1.0 ml min-1 
Phenomenex lOO mM 
SAX-SB ammonium tartrate No 0.264 0.177 -
40 x4.6 mm (pH 3.0) at 1.{) m1 min-1 
at20 oc 
Phenomenex lOO mM 
SAX-SB ammonium tartrate Yes 0.0786 0.253 0.482 
40 x 4.6 mm (pH 3..0..2.0) at 1.2 ml min-1 
at 20 oc 
Alltec HAAX lOO mM 
40x4.6mm ammonium tartrate No 0.0187 0.0587 -
at 20 oc (pH ~.0) at 1..2ml min-1 
Alltec HAAX lOO mM 
100x4.6 mm ammonium tartrate Yes 5.28 0.640 2.74 
at 60 oc (pH 2.3-1 .5) at 2.0 ml min-1 
Simultaneous separations of SbV and Sblll are achieved using 40 x 4.6 mm columns of 
SAX-SB and HAAX stationary phases in conjunction with 100 mM ammonium tartrate 
mobile phase at pH 3.0 with a flow rate of l.0-1.2 ml min-1• Detection limits of0.264 
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and 0.177 ng ml'1 are achieved for SbV and Sbiii species, respectively, when using the 
SAX-SB column. However superior detection limits of0.0187 and 0.0587 ng ml'1 are 
achieved for SbV and Sbiii, respectively, when using the HAAX column. 
Simultaneous separations of SbV, Sbiii and TMSb species are achieved by using 100 
mM ammonium tartrate mobile phases with the 40 x 4.6 mm SAX-SB column at 20 oc 
and 100 mM ammonium tartrate mobile phases with 100 x 4.6 mm HAAX column at 
60 °C. Both columns require the use of pH gradients to elute all three species 
simultaneously although ~me notable differences are observed between the elution order 
of the species with each column. Th~ optirnised separation with the 40 x 4.6 mm SAX-
SB column at 20 oc is performed using lOO mM ammonium tartrate at pH 3.0 to elute 
SbV and Sblll and linear gradient elution to lOO mM ammonium tartrate~ pH 1.2 to 
elute TMSb. The optim~ separation with the 100 x 4.6 mm HAAX coh,1mn at 60 oc is 
performed using 100 mM /cllllDlonium tartrate at pH 2.3 for elution of TMSb _and step 
gradient elution to lOO mM ammonium tartrate at pH 1.5 for elution of Sbiii and SbV. 
Detection limits for simultaneous ofSbV Sbiii and TMSb are notably lower when using 
the 40 x 4.6 mm SAX-SB column at 20 oc (0.0786, 0.253 and 0.482 ng m1'1 respectively) 
in comparison to the 100 x 4.6 mm HAAX column at 60 oc (2. 74, 0.640 and 5.28 ng ml'1 
respectively). However, the peak resolution for TMSb is notably improved when using 
the lOO x 4.6 mm HAAX column at 60 °C. The 250 x 4.0 mm Dionex AS4A column 
enables separation of TMSb and SbV when a mobile phase of 1.0 mM ammonium 
hydroxide is used and detection limits are 0.322 and 0.555 ng mr1 respectively 
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Sub ng mr' concentrations of SbV, Sbiii and TMSb are shown to be detectable in 
synthetic solutions with the majority of the above HPLC methodologies although some 
notable differences are observed with regard to peak resolution and the order of elution 
for these species in each method. The SAX-SB column enables a simultaneous 
separation of SbV, Sbiq and TMSb and peak resolution for these species follows the 
order of SbV>Sbiii>TMSb. However, the TMSb species elutes as .a broad hump when 
using the 40 x 4.6 mm SAX-SB column methodology at 20 oc and this peak is poorly 
resolved from the baseline. Use of the 100 x 4.6 mm HAAX column at 60 oc enables 
improved peak resolutiqn for TMSb whilst facilitating a simultaneous separation of 
TMSb, Sblll and SbV. 
The elution order of SbV and Sblll is the same for both the 40 x 4.6 mm SAX-SB 
column and the I 00 x 4.6 mm HAAX column at 20 oc. However, the elution order is 
reversed when the temperature of the 100 x 4.6 mm HAAX column is increased to 60 oc 
and a less acidic mobile phase is also utilised for elution ofTMSb under these conditions. 
The 100 x 4.6 mm HAAX column facilitates isocratic separation ofSblll and SbV using 
100 mM ammonium _tartrate mobile phases. However, a mobile phase pH of 3.0 is 
required for separation of these species at 20 oc and a mobile phase pH of 1.5 is required 
for separation of these species at 60 °C. The TMSb species is also separated using I 00 
mM ammonium tartrate mobile phases. However, a mobile phase pH of 1.2 is required 
for separation at 20 °C and a mobile phase pH of2.3 is required for separation at 60 °C. 
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The 250 x 4.0 mm Dionex. AS4A column enables optimum peak .resolution for TMSb 
when using the ammonil\ffi hydroxide mobile phase although simultaneous separations of 
SbV, Sbiii and TMSb are not achieved. 
Isocratic separations of TMSb and SbV are applied to the analysis of environmental 
samples and these separations are performed using the 250 x 4.0 mm Dionex AS4A 
column in conjunction w\th 1.0 mM ammonium hydroxide mobile phase. Environmental 
samples are also analysed for TMSb, Sbiii and SbV simultaneously using the I 00 x 4.6 
mm Alltec HAAX column at 60 oc in conjunction with 100 mM ammonium tartrate 
mobile phases and pH step gradient .elution. The associated analytical data is presented 
in Chapter 7. 
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CHAPTER 7.0 
.SPECIA TION ANALYSIS OF ENVIRONMENTAL SAMPLES 
Aqueous antimony speciation is examined in soilleachates and adit stream w.aters from 
Wheal EmiJy and Wheat Leigh using HPLC-TCP-MS. Samples are analysed using 
chromatographic methods developed for simultaneous separations of TMSb, Sblll and 
SbV and for simultaneous separations of TMSb and SbV as described in Chapter 6. 
These methods facilitate optimum peak resolution for separated species and a summary 
ofthese chromatographic conditions is presented in Table 7.1 . 
Table 7.1: Chromatographic methods for analysis of environmental 
l samp es 
HPLC Conditions Detection Limit 
ngmr1) 
Column Mobile Phase Gradient SbV Sbill TMSb 
Elution 
DionexAS4A 1.0 mM 
250x4.0mm Ammoni.um hydroxide No 0.555 - 0.322 
at 20 oc at 1.0 ml min"1 
AlltecHAAX lOO mM-
100 x 4.6 mm ammonium tartrate Yes 5.28 0.640 2.74 
at 60 oc (pH 2.3- L5) at2.0 ml min"1 
7.1 Speciation of antimony i.n 1eachates d_erived from sdected surface soils 
Fresh leachate solutions are prepared from selected Wheal Emily (BS01, BS02, BS03, 
BS05) and Wheat Leigh (WLS) surfuce soils and these soils exhibit a range of totaJ 
antimony concentrations, organic matter contents and soil pHs (sections 4.4.1-4.4.3). A 
summary ofthese soil physico-ohemical.characteristics is presented in Table 7.2 and the 
associated leaching and sample storage methodologies are described in section 3.2.1.2. 
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T bl 7 2 S a e .. fltedh' h 'cal h t . f ummary o se ec pllYSlCO-C emt c arac ens tcs 
Soil Sample Physico-chemical characteristics 
Total Sb Cone . . (IJ.g g-•) Organic Matter (%) Soil pH 
BSOl 8208 11 6.83 
BS02 746 17 6.31 
BS03 1228 18 6.51 
BS05 258 33 6.33 
WLS 791 7 7.36 
7.1.1 Simultaneous analysis for TMSb, Sbill and SbV species 
Leachates derived from soils BSOl, BS02 and BS03 at the Wheat Emily site are analysed 
using the methodology for simultaneous separation of TMSb, Sbiii and SbV species. 
These samples are selected to investigate trends in aqueous antimony speciation at the 
Wheat Emily site. A typical calibration standard chromatograph is presented in Figure 
7.1 and retention times for TMSb, Sblll and SbV are 150, 350 and 475 seconds 
respectively. Chrornatographs for soil leachates J3S01, BS02 .and BS03 are presented in 
Figures 7.2-7.4. 
All of these leachate samples produce_a lat:ge cbromatographk peak with a retention time 
of approximately 475 seconds ~espite having leached from soils with different total 
antimony concentrations, ocganic matter content and pH. The retention times of these 
sample peaks correspond to the Sb V calibration standard Figure 7.1 and the retention 
time for Sb V in the sarnpl~ matrices is confirmed using spiking experiments. A number 
of smaller chromatographic peaks are also observed within each leachate sample 
although these peaks are upcharacterised because their retention times do not correspond 
with those of the antimony standards used in the study. A small peak is observed after 
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approximately 75 seconds in each of the leachate sample chromatographs and this peak is 
defined as 'A' in Figures 7.2-7 .4. Peak 'B' is clearly observed in the BS02 Jeachate 
chromatograph and exhibits a retention time of 370 seconds (Figure 7.3). Peak 'C' is 
observed exclusively in the BS03 leachate .chromatograph and exhibits a retention time of 
125 seconds (Figure 7.4). However, TMSb and Sblll species are not identified in 
leachates derived from soils BS01-BS03 using thls analytical methodology. 
Three replicate leachates derived from soils BSOI and BS02 are analysed for total 
antimony and SbV concentrations using ICP-MS and HPLC-ICP-MS techniques 
respectively and the data is compared with total Sb antimony soil concentrations in Table 
7.3. 
T bl 7 3 Sb a e . Wh l E ' l ils d l ha concentrattons m ea muy so an eac tes 
Soil Total Sb Mean Leached Sb Cone. 
'.(ng mr1) 
Speciated Sb 
Soil Cone. Mean Totru'Sb SD .MeanSbV SD (%-ofl'otal 
(J..Lg g·•) Leached) 
.BSOI ~ 8-208 792.4 1.25 614.3 1.65 77.5 
BS02 746 311.2 0.984 256.1 2.56 82.3 
Highest concentrations of antimony are found to leach from the soil with the highest total 
antimony soil concentration (Table 7.3) and the majority of the total leached antimony 
(77.5-82.3 %) is identified as SbV. 
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7.1.2 Simultaneous analysis for TMSb and SbV species 
Further quantitative analysis is undertaken using the Dionex AS4A column methodology 
becau&e this method enables the lowest detection limits for TMSb and SbV species 
(Table 7.1). A typical calibration standard chromatograph is _presented in Figure 7.5 and 
retention times for TMSb and SbV are 100 and 180 seconds, respectively. 
Methodologies for the sep~ion of Sbiii are not J:Urther JJtilised in this study due to 
thermodynamic consic\erations, which predict the +5 oxidation state of antimony to be 
most favourable in oxic aqueous conditions.20 
Aqueous antimony speciation is examined in leachates derived from soils at both the 
Wheat Emily (BS01 and BS05) and Wheat Leigh (WLS) sites and the associated 
chromatography for these .samples ar.e presented _in .Figure 7.6. Chromatographs for 
leachate solutions derived from soils BS01 , BS05 and WLS each exhibit a single peak 
although some notable diff_.erences are observed betw.een peak areas and Ietention times 
(Figure 7.6). Highest concentrations of speciated antimony (i.e. largest peak areas) are 
observed in leachates derived from soils containing the highest total antimony 
concentration (Table 7 .~. Peak areas for speciated antimony increase in the order of 
leachates BS05<WLS<BS01 and a_pproximate retention times for _these peaks _are 115, 
170 and 160 seconds respectively. BSO 1 and WLS l<(achates are derived from soils 
which exhibit lowest organic matter content (<!J>_proximately 11 .and 7% resp.ec.tiv.ely) and 
highest soil pH in Q.Ol M CaCh (6.83 and 7.36 respectively) and these leachates produce 
chromatographic peaks with .similar retention times of 160 and 170 seconds respe..ctively. 
The BS05 leachate is derived from a soil with the highest organic matter content 
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Leachate solution chromatographs derived from 
soils at Wheal Em.ily and Wheal Leigh using the 
250 x 4.0 mm Dionex AS4A column. 
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Wheal Emily: BS05 leachate (Green) 
Wheal Leigh: WLS leachate (Blue) 
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(approximately 33 %) and the lowest soil pH in 0.01 M CaCh (6.33) and this leachate 
produces a chromatographic peak with a notably earlier retention time of 115 seconds. 
Aliquots of selected leachate solutions derived from Wheal Leigh and Wheal Emily 
surface soils (WLS and BS05 leachates respectively) are diluted as required with the 
leachant solution to produce a total antimony leachate concentration of approximately 50 
ng mr1• The diluted leachate samples are then spiked with individual standards ofTMSb 
and SbV to increase the antimony concentration in sample solution by 20 ng mr1• These 
investigations are undertaken to compare the retention times ofTMSb and SbV species in 
each leachate matrix and aid the identification of the observed sample peaks. 
Chromatographs for samples of WLS leachate spiked with individual SbV and TMSb 
species are presented in Figures 7.7 and 7.8 respectively. Chromatographs for samples of 
BS05 leachate spiked with individual SbV and TMSb are presented in Figures 7.9 and 
7.10 respectively. 
When the WLS leachate is spiked with 20 ng mr1 ofSbV a single peak is observed with a 
retention time of 150 seconds and this peak is termed 'I' (Figure 7. 7). Peak 'l' exhibits a 
similar retention time to the original sample peak, termed '2' (Figure 7.7). When the 
WLS leachate is spiked with 20 ng mr 1 ofTMSb two peaks are observed and these are 
termed 'l ' and '2' (Figure 7 .8). Both the original and spiked leachate samples exhibit 
peak '2' at 170 seconds. However, an additional peak is eluted at lOO seconds (' l ') in 
the spiked leachate sample and this peak correlates with the TMSb calibration standard 
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Figure 7.9 
Original BSOS leachate (Red) 
BSOS leachate + 20 ng mJ-1 SbV (Green) 
using 250 x 4.0 mm Dionex AS4A column 
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Figure 7.10 
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BS05 leachate + 20 ng rnl-1 TMSb (Green) 
Using 250 x 4.0 mm Dionex AS4A column 
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(Figure 7.5). The sample peak in the original WLS leachate exhibits a retention time of 
170 seconds and this retention time is similar to that of the Sb V species ( 150 seconds) in 
the WLS leachate matrix. The unspiked sample peak may be attributed to the presence of 
SbV in the WLS leachate although confirmation is hindered by 1ll1 inexact match of 
retention times. 
BS05 leachates produce single chromatographic peaks with retention times of 11 0 
seconds when spiked individually with 20 ng rnl-1 of SbV and 20 ng rnl-1 of TMSb 
(Figures 7.9 and 7.10 respectively) and these .spiked sample peaks exhibit the same 
retention time as the unspiked sample peak. Both spiked and unspiked sample peaks 
exhibit similar retention times to the TMSb calibration standard (Figure 7.5). However, 
characterisation of the unspiked sample peak is prevented due to eo-elution ofTMSb and 
SbV species in the sample matrix. 
The SbV species exhibits notably different peak retention times of 150 and 110 seconds 
when spiked into WLS and BS05 leachate samples, respectively, and these retention 
times are notably shorter than that of the SbV calibration standard (190 seconds) as 
shown in Figure 7.5. Retention times for the TMSb species are approximately 100-llO 
seconds in both the WLS and BS05 leachates and these retention times are similar to that 
ofthe TMSb calibration standard (100 seconds) as shown in Figure 7.5. 
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7.2 Speciation of antimony in Wheal Emily stream waters 
Wheal Emily adit stream waters are collected from 3 sampling points, which exhibit 
increasing total antimony concentrations due to leaching from contaminated soils. 
Samples are collected from the stream at the top ofthe spoil heap (SPl), the base of the 
spoil heap (SP2) and just above the valley stream confluence (SPJ) to investigate the 
influence of antimony leaching on aqueous antimony speciation. A map of sampling 
points SP1-SP3 is presented in Figure 7.11 (formerly coded WA7-WA5 in section 4.2.1) 
and methodology used for collection and storage of speciation samples is described in 
section 3.2.1.2. 
Aqueous antimony speciation is determined using the Diooex AS4A column 
methodology for separations of TMSb and SbV species as described in Table 7.1. 
Samples are analysed for antimony species without pre-treatment and the associated 
methodology is described in section 3.2.5. Total antimony concentrations are determined 
in addition to aqueous speciation by using ICP-MS and the associated methodology is 
described in section 3.2.2.2. Chromatographs obtained for adit stream waters SPI, SP2 
and SPJ are shown in Figures 7.12, 7.13 and 7.14 respectively and Table 7.4 presents 
data for total and speciated antimony concentrations in each sample. 
T bl 7 4 C a e .. f al d oncentrat1ons o tot an specJate d antimony concentrations 
Water Mean Measured Sb Cone (ng mr') (%of Total) 
Sample Speciated Sb so Total Sb SD 
SPI 5.22 1.24 5.95 0.581 87.8 
SP2 12.4 1.36 17.5 1.025 70.8 
SP3 15.9 0.895 23.5 0.234 67.4 
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A prominent peak, termed '1 ',is observed for samples SP1, SP2 and SP3 (Figures 7.12, 
7.13 and 7.14 respectively). This peak exhibits a similar retention time to that of the soil 
leachate BS05 (approximately 100 seconds) from the Wheal Emily site (Figure 7.6). A 
shoulder peak is also observed on the tail of peak '1 ' in sample SP 1 and this suggests the 
presence of a eo-eluting species, termed '2' (Figure 7.12). The shoulder peak ('2') 
exhibits a similar retention time to that of the soil leachate BSOI (approximately 160 
seconds) from the Wheal Emily site (Figure 7.6) and this peak is notably less prominent 
in samples SP2 and SP3 (Figures 7.13 and 7.14 respectively). Adit stream water samples 
contain total antimony concentrations in the range of 5.95-23.5 ng ml-1 and 
concentrations of quantified antimony species are observed in the range of 5.22-15.9 
ng ml- 1• Concentrations of speciated antimony account for 67.4-87.8 % of the total 
antimony in each sample. 
Total concentrations of speciated antimony increase from 5.22 to 15.9 ng ml-1 in sample 
chromatograms SPl-SP3 and total antimony concentrations increase concomitantly from 
5.95 to 23.5 ng ml-1• These trends correspond to previously described increases in adit 
stream water pH, dissolved oxygen content, conductivity and total antimony 
concentration at sample points WA7-W A5 (section 4.5). Proportions of total speciated 
antimony decrease from 87.8 % at sample point SPI to 67.4 % at sample point SP3. 
These data highlight an increasing deficit in mass balance for antimony in the adit stream 
with increasing distance from the top of the spoil heap and may suggest the occurrence of 
an uncharacterised speciation shift. 
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Aliquots of ad it stream water from sampling point SP3 {mean total Sb concentration of 
23.5 ng ml-1) are spiked with individual standards of TMSb and SbV to increase the 
antimony concentration in the sample solution by 20 ng ml-1• These investigations are 
undertaken to assess the retention times ofTMSb and SbV in the adit stream water matrix 
and aid the identification of peaks 'I' and '2' in the sample chromatographs (Figures 
7.12-7.14). The original SP3 sample is compared with spiked samples containing 20 
ngmr1 TMSb and SbV in Figures 7.15 and 7.16 respectively and a comparison of the two 
spiked samples is presented in Figure 7.17. 
When sample SP3 is spiked with 20 ng ml-1 ofTMSb a notable increase in the area of the 
prominent peak (' 1 ') is observed whilst the shoulder peak ('2 ') is not significantly 
increased (Figure 7.15). When sample SP3 is spiked with 20 ng mr1 of SbV a notable 
increase in the areas of both the prominent peak (' 1 ') and shoulder peak ('2') are 
observed (Figure 7.16). On examination of Figure 7.17 the majority of spiked SbV elutes 
as the prominent peak (' 1 ') although an increased shoulder peak ('2') is observed in 
comparison with the SP3 sample spiked with TMSb. 
The above data confirm that TMSb elutes at the same retention time of approximately 
100 seconds in both the standard and sample matrix. However, SbV exhibits notably 
different retention times when analysed in the calibration standard and sample matrices 
and characterisation of the prominent sample peak(' I') in Figures 7.15-7.17 is prevented 
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100 
• % 
Figure 7.15 
100.00 200.00 300.00 400.00 
Original adit stream water SP3 (Red) 
Adit stream water SP3 + 20 ng m1·1 TMSb (Green) 
using 250 x 4.0 mm Dionex AS4A column 
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• % 
Figure 7.16 
100.00 200.00 300.00 400.00 
Original adit stream water SP3 (Red) 
Adit stream water SP3 + 20 ng mf1 SbV (Green) 
using 250 x 4.0 mm Dionex AS4A column 
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• % 
Figure 7.17 
2 
100.00 200.00 300.00 400.00 
Adit stream water SP3 + 20 ng mr1 TMSb (Green) 
Adit stream water SP3 + 20 ng ml-1 SbV (Red) 
using 250 x 4.0 mm Dionex AS4A column 
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by eo-elution of the TMSb and SbV species. TMSb is not observed to contribute to the 
shoulder peak ('2') when spiked into the adit stream water matrix and the area of 
shoulder peak '2' relative to peak '1' is greatest in sample SPI. Notably reduced areas of 
shoulder peak '2' relative to peak '1' in samples SP2 and SP3 may reflect reduced 
concentrations ofSbV in these samples. 
7.3 Summary of results 
Selected leachates derived from Wheal Emily soils are analysed using novel 
chromatographic methodology for simultaneous separations of TMSb, Sbiii and SbV 
species. The majority of the mtal antimony in each leachate is identified as SbV 
(77.5-82.3%) despite notable differences in total antimony concentration, organic matter 
and soil pH characteristics and highest concentrations of $timony are fmmd to leach 
from soils with the highest total antimony soil concentration. A number of smaller 
chromatographic peaks are also observed within each liJachate sample altho_ugh these 
peaks _are -uncharacterised because their retention times do not correspond with those of 
the TMSb or Sbili standards used in the study. Each leachate sample exhibits a small 
uncharacterised peak at a retention time of 75 seconds and leachates BS02 and BSQ3 
exhibit additional unchara.eterised peaks at retention times of 370 and 125 seconds 
respectively. 
Selected leachates derived from soils at Wheal Emily and Wheal Leigh and Wheat Emily 
adit stream waters are analysed using the chromatographic methodology for simultaneous 
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separations of TMSb and SbV species. Each soil leachate sample produces a single 
chromatographic peak when analysed using this methodology and highest concentrations 
of antimony species leach from soils containing highest concentration of total antimony. 
Leachates derived from soils containing the lowest organic matter content and the highest 
soil pH exhibit sample peaks with notably similar retention times of approximately 160 
seconds. Leachates derived from soils containing highest organic matter content and 
lowest soil pH exhibit peaks with a notably shorter retention time of approximately 115 
seconds. The sample peak in the WLS leachate.exhibits.a similar retention time to that of 
SbV species. However, characterisation of the sample peak in the BS05 leachate is 
prevented due to eo-elution of the TMSb and SbV species in the sample matrix. 
Retention times for TMSb are similar in both the calibration standard and leachate 
sample matrices. However, SbV is eluted at notably different times of 150, 110 and 190 
seconds in the WLS, BS05 and calibration standard matrices respectively. 
Concentrations of total and speciated antimony increase in Wheat Emily adit stream 
waters with increasing distance from the top of the spoil heap and these data correspond 
with increases in adit stream water pH, dissolved oxygen content, conductivity and total 
antimony concentrations. An increasing deficit is noted between total and speciated 
antimony concentrations in adit stream samples with increasing distance from the top of 
the spoil heap and these observations may result from the occurrence of an 
uncharacterised speciation shift. 
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Adit stream waters exhibit a prominent chromatographic peak and a eo-eluting shoulder 
peak with retention times of 100 and 160 seconds respectively. The retention time of the 
prominent peak corresponds to that of the BS05 soilleachate peak and the retention time 
of the co-~luting shoulder peak corresponds to that of the BS01 soil leachate peak. 
Spiking experiments confirm similar retention times for TMSb in both the calibration 
standard and the adit stream water matrices and this species exhibits the same retention 
time as the prominent chromatographic sample peak. However, the SbV species elutes 
notably earlier in the adit stream water matrix than in the .calibration standard matrix and 
the associated retention times are approximately 150 and 190 seconds respectively. Both 
the prominent and co-elutin_g shoulder peaks increase when SbV is spiked into the adit 
stream water matrix and these observations hinder the characterisation of the unspiked 
sample peaks. However, unspiked stream water _samples exhibit reduced eo-eluting 
shoulder peak areas with increased distance from the top of the spoil heap and these 
observations may indicate reductions _in SbV concentrations with increasing distance 
from the top of the spoil heap. 
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CHAPTER8.0 
DISCUSSION OF RESULTS 
This chapter discusses chromatographic separation chemistry associated with the novel 
HPLC separations developed in this study and interprets analytical data derived from the 
analysis of soils, waters and leachates at Wheat Emily and Wheal Leigh in the context of 
previous research in this field. Partitioning and leaching characteristics of antimony are 
discussed in conjunction with selected physico-chemical properties of soils and waters at 
these sites to enable an improved understanding of antimony's soil-water chemistry and 
to elucidate factors which influence the mobilisation of antimony in contaminated soils. 
Aqueous antimony speciation data is discussed in stream waters and soil leachates 
derived from Wheat Emily and Wheal Leigh to highlight the potential implications to 
surfuce water quality from antimony leaching in contaminated soils. 
8.1 Analytical method development ofHPLC separations 
8.1.1 Purity of synthetic TMSb 
The 1H NMR spectrum for TMSb eKhibits a single peak at 01.83 (excluding the 0 20 
peak at 04.70) and the 13C NMR spectrum for TMSb exhibits a single peak at oll.39. 
These spectra compare favourably with those reported by Koch et a/175 for the TMSb 
compound and are indicative that all hydrogen and carbon atoms in the molecular 
structure eKhibit identical co-ordination chemistry. The observed NMR spectra suggest a 
trigonal bipyramidal structure for TMSb with methyl and chlorine groups in equatorial 
and axial positions respectively. Measured percentages of carbon and hydrogen from 
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CHN elemental analysis of TMSb in this study are 15.73 % and 3.72 % respectively. 
These data compare favourably with both the theoretical C and H composition of TMSb 
(15.24% and 3.91% respectively) and the CHN elemental analysis data reported by Koch 
et al. 175 Pyrolysis GC-MS mass spectra in this study indicate mass fragmentation 
patterns in the region of 121-168 and these patterns are characteristic oftrimethylstibine 
((CH3)3Sb). However, additional ion fragmentation patterns are found in the regions of 
185-187 and 200-204 suggesting a methylated and chlorinated antimonial structure. The 
synthetic TMSb compound used in this study is observed to melt in the range of 228-233 
°C following re-crystallisation of the original yield and Koch et a/115 report similar 
melting point data for TMSb in the range of 218-220 °C. The measured total antimony 
content for the TMSb compound in this study is also shown to compare favourably with 
the theoretical total antimony content for this compound (102-103 % of the total 
theoretical antimony concentration). Confirmation of the TMSb purity is hindered to 
some extent by the limited .amount Df qualitative reference data for trimethylantimony 
dicWoride. However, data obtained from this study shows good agreement with the 
theoretical compound composition and the available qualitative data. 
8.1.2 HPLC separation chemistry 
Ammonium tartrate mobile phases (50-60 mM concentrations in the pH range 5.5-6.9) 
are used previously by other workers to enable simultaneous separations of SbV and 
SbiiJ species using 20 x 4.6 mm Supelcosil LC-SAXI chromatographic columns.50•99 
These conditions facilitate satisfactory peak resolution for SbV and Sbiii species 
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although the SbV species elutes in the solvent front and exhibits minimal 
chromatographic retention. This feature is undesirable for both qualitative and 
quantitative sample analysis because unidentified, non-retained antimony species may be 
incorrectly characterised as SbV. The novel isocratic separations developed for SbV and 
Sbiii in this study fitcilitate improved retention characteristics for SbV. The Sblll species 
exhibit a greater affmity for the positively charged SAX-SB and HAAX stationary phases 
than the SbV species when chromatographed at 20°C and the peak resolution for Sbiii is 
notably poor in comparison to SbV. This is likely to reflect the charge characteristics of 
the SbV and Sbiii species in aqueous solution. SbV is suggested to exhibit a low affinity 
for the positively charged SAX-SB and HAAX stationary phases because mono-negative 
[Sb(OH)6r ions are predicted to form following dissolution of the potassium 
hexahydroxyantimonate V standard. Sblll is suggested to exhibit a greater affinity for the 
positively charged stationary phases because di-negative, dimeric Sbiii-tartrate anions are 
suggested to form following -dissolution of the potassium antimonyiii oxide tartrate 
Hemihydrate standard.51 Retention characteristics for SbV and Sbin are likely to be 
influenced, in part, by anion exchange mechanisms although complexation mechanisms 
may also be contributory because high concentrations of complex-forming tartrate 
ligands are present in the mobile phase. The retention of SbV and SbiH may be 
influenced by charge and aqueous chemistry of the tartrate ligands complexed at the 
surfuce of the stationary phase although further work would be required to confirm this. 
Novel separations of SbV, Sbiii and TMSb are achieved in this study with ammonium 
tartrate mobile phases and pH gradient elution is used to achieve optimum peak 
230 
resolution. Chromatographic mechanisms that control the resolution of TMSb are 
suggested to be complex and to date these mechanisms are incompletely understood. 
Whilst anion exchange mechanisms may influence the retention characteristics for Sb V 
and Sbiii they are unlikely to -explain the retention-Characteristics for TMSb because non-
charged or cationic ([(CH3) 3SbOHJ') species are suggested to form following dissolution 
of TMSb in aqueous solution.29•48 TMSb is strongly retained on the anion exchange 
stationary phases at 20 oc in this study and these observations may result from 
chromatographic complexation mechanisms due to the presence of tartrate ligands in the 
mobile phase and adsorptive effects from the methyl groups in the TMSb compound.s1 
Retention of TMSb is significantly reduced, relative to SbV and Sbiii, when the 
temperature of the HAAX stationary phase is increased to 60 °C and the elution order for 
SbV, Sbiii and TMSb is reversed .under these conditions. These observations suggest the 
influence of faster reaction kinetics for TMSb at the interface between the stationary and 
mobile chromatographic phases although further studies would be required to elucidate 
the rate determining reactions and the associated column chemistry. 
The intrinsic chemical composition of the stationary phase is a controlling factor on 
resolution characteristics for SbV, SblH and TMSb species in this study. Whilst the 
chemistry of the stationary phase and aqueous species of interest require careful 
consideration, the intrinsic composition of the stationary phase can often pre-determine, 
to some extent, the mobile phase compositions that can be used and the subsequent 
quality of a separation achieved. The two anion exchange materials evaluated in this 
study exhibit notably different chemical compositions. The Phenomenex SAX-SB phase 
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is functionalised at the surface with quaternary amine groups and this results in strong, 
non-changeable, positively charged sites. However, these amines are bonded to the silica 
by individual propyl groups and this can result in rapid phase dissociation under acidic 
mobile phase conditions and pH tolerance in a limited range of 2.0 to 8.0. The amine 
groups of the HAAX phase exhibit a polymenc structure and are effectively bonded to 
the surface of the silica by a Jarger number of bonds. This feature is significant because it 
facilitates pH tolerance over a wider pH range (approximately 1.5-12.0) and enables a 
wider scope for mobile phase compositions. The HAAX .phase is functionalised at the 
surface with a mixture of primary, secondary and tertiary amine functional groups and the 
extent of phase deprotonation can be controlled by the mobile phase pH to adjust the 
anion exchange capacity. Phase deprotonation improves the elution characteristics of the 
TMSb species in this study although, .interestingly, the peak resolution is further 
improved when using more acidic mobile phases. However, the elution of TMSb is not 
considered to result from phase deprotonation when acidic mobile phases are used and 
the further investigations would be required to elucidate the mechanism of elution for 
TMSb under these conditions. 
8.2 Antimony concentrations measured in soils and surface waters 
Highly elevated antimony concentrations (0.612-10000 Jlg g'1) are reported in surface 
soils adjacent to copper, lead, zinc and bismuth smelting sites around the world and 
antimony concentrations are measured up to 1489 Jlg g'1 in soils adjacent to a smelting 
site on the banks of the River Tyne in Northwest England, UK.5•9•19•37•118•176 These 
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antimony concentrations are significantly elevated above both global average 
(1.0 J.l.g g-1) 10 and UK average (1.1-8.6 J.l.g g-1) 10 antimony concentrations in soils. At 
present there are few reports of antimony concentrations in surface soils at metaliferrous 
mining sites. However, highly elevated antimony concentrations (25.8-8208 J.l.g g-1) are 
reported in surface soils at the Whea1 Emily and Wheat Leigh mining sites in this study 
due to the formation of soils from wtderlying mine spoil enriched in antimony-bearing 
minerals. These antimony concentrations .are amongst some of the highest reported 
values in soils to date and _are significantly -elevated above both global average 
(1.0 J.l.g g-1) 10 and UK average (l.l-8.6 J.l.g g-1) 10 soil antimony concentrations. Few 
studies report the extent of antimony contamination in soils from anthropogenic activities 
such as fly-ash dumping (typical antimony content of fly-ash is reported in the range of 
1.3-445 J.lg g-1 antimony 10'105' 151 ) or the use of agricultural soil amendment treatments 
(suggested to contain up to I 00 J.lg g-1 antimony10). However, antimony concentrations in 
soils at Wheat Emily and Wheat Leigh are notably higher than antimony concentrations 
reported in soils contaminated through industrial processes such as the commercial 
production of antimony potassium tartrate and antimony potassium citrate 
(73.4-196 J.lg g-1). 19 These observations may reflect differences in the magnitude of the 
contaminant tlu·x although the solubility of the contaminant antimony species and the 
extent ofsurfuce rwt-offeffects will influence the extent ofthe antimony accumulation. 
Antimony concentrations are reported18'61 '76'77'82•177-184 in the range of 0.028-329 ng ml"1 
in selected river and waste waters from arowtd the world, although some of the highest 
antimony concentrations (52-329 ng ml-1) are measured in industrial waste waters.n82 
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River waters such as the Arakawa river (Tokyo Bay, Japan),61 the Coeur D'Alene river 
(Idaho, US),18 and the Glenshanna river (Scotland, UK.) 184 are contaminated with 
antimony as a result of extensive metaliferrous mining activities and antimony 
concentrations are observed in the range of 0.1-60.4 ng m1·' in these rivers due to 
l~ching of antimony from soils and sediments. Antimony concentrations in stream 
waters at Wheat Emily (1.15-22.5 ng ml"1) are notably lower than the antimony 
concentrations reported in the above described industrial waste waters. However, Wheal 
Emily stream waters exhibit similar levels of antimony contamination to some of the 
river waters described above. Antimony concentrations increase from 8.0 to 22.5 ng mr' 
in stream waters at Wheat Emily due to leaching of antimony from contaminated soils 
and similar antimony concentrations are reported in river waters due to antimony 
leaching in contaminated soils at an unnamed antimony mine site in Scotland, UK 
(5.3-60.4 ng ml"1). 184 The majority of the antimony concentrations in the above river and 
waste waters exceed average reported freshwater values (0.25 ng ml"1)9 and all of the 
above waters contain antimony concentrations that exceed the WHO provisional 
guideline values for antimony concentrations in drinking waters (5.0 ng ml"1).33 
8.3 Partitioning and leaching of antimony in soils at Wheat Emily and Wheal Leigh 
Highest proportions of antimony are leached by 0.25M sulphuric acid (6.1-11.6%) and 
the 0.1 M sodium hydroxide (5.0-8. 7%) in the sequential chemical leaching test and these 
reagents are suggested to dissolve the 'Ca-associated' and 'Fe- and Organic Fe-
associated' soil fractions, respectively. 154 Largest proportions of leached antimony are 
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measured in the •ea-associated' fraction and this may suggest the formation of Ca-Sb 
complexes in these soils. To the authors knowledge this is the first reported data to 
suggest the formation of these complexes in soils and these observations may be 
attributed to the weathering of underlying limestone-containing Middle Devonian 
Slates185, which liberate Ca2+ ions for complexation as a result of carbonation reactions. 
Calcium arsenates are reported to precipitate in soils between pH 3.0 and pH 5.0186•187 
and a similar chemical behaviour may be observed for .antimony (i.e. precipitation of 
calcium antimonates) as a result of the Group V associations of these elements in the 
Periodic Table. Antimony leaching may occur due .to the dissolution of these $\lggested 
Ca-Sb complexes when using acidic leachants such as 0.25 M sulphuric acid because 
calcium arsenates are reported to dissolve at low pH. 186•187 However, further work would 
be required to confirm that this occurs in soils from these studies sites. 
Relatively high proportions of antimony are leached in the 'Fe- and Organic Fe-
associated' soil fraction and these observations may be explained by the sorption of 
antimony to hydrous iron oxides and/or organic matter within the soil. Antimony leached 
in the 0.1 M sodium hydroxide fraction may be more closely associated with organic soil 
components in view o( the high organic matter contents determined in these soils 
(7-34%). However, clear differentiation between antimony associated with iron and 
organic matter cannot be achieved with the selected chemical sequential leaching 
methodology used in this study because simultaneous dissolution of these soil 
components is anticipated due to the high pH ofthe leachant used (O.lM sodium 
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hydroxide at pH 14).188 This sequential chemical leaching test could be modified to 
include a mildly alkaline 'Organo-associated' leaching step prior to use of the highly 
alkaline 0.1 M sodium hydroxide leachant for the 'Fe-associated' antimony and some 
potentially suitable-leachants for this .additional step may include sodium pyrophosphate, 
EDTA and DTPA buffered to pH 7.3 with tris-ethanolamine. 189 Electrostatic attraction of 
charged antimony species may be a significant sorption mechanism at the surface of 
hydrous iron oxides depending upon the impact of competing sorption processes, soil 
pore water pH and the zero point charge (ZPC) of the hydrous oxides in the soil. Other 
workers report sorption of neutral antimonous acid species such as (Sb(OH)3) at the 
surface of hydrous iron oxides and these findings are reported to suggest the potential for 
additional sorption mechanisms that may relate more closely to the chemical nature of the 
adsorbate species and may include inner-sphere interactions characterised by covalent 
bonds between metal and oxygen atoms. 176'190 Antimony associations with organic 
matter may result from sorption onto humic and fulvic acids, bacterial remains and 
exocellular polymers which may themselves be sorbed onto the surface of hydrous iron 
oxides. 191 •192 However, Pilarski et af 1 state that both the stability and structure of 
aqueous antimonial species are fundamental to the extent of sorption to organic substrates 
and the sorption of anionic, cationic and neutral antimonial species to organic matter is 
suggested due to the presence {)f carboxylate, hydrogen-form and amine functional 
groups at the particle surfaces. 
Larger proportions of antimony are leached from the 'Occluded Al-associated' soil 
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fraction (1.5-4.0% oftotal) relative to the 'AI-associated' soil fraction (0.7-1.6% of total) 
and the majority of AI-Sb associations in these soils may result through the incorporation 
of antimony into alumino-silicate matrices rather than sorption onto hydrous aluminium 
oxides. Antimony is suggested to leach under these conditions due to the high 
concentrations of fluoride anions in the leachant solution (0.125M ammonium fluoride), 
which compete with antimony anions for positively charged sites at the soil surface. 
However, antimony anions may also be repelled from surface sorption sites due to the 
partial deprotonation of hydrous AI oxides under alk_aline leachant conditions (pH 8.2). 
The observed concomitant increases in soil pH and antimony leaching in the 'Occluded 
A)-associated' soil fraction may _be attributed, in part, -to increasingly deprotonated 
surface sorption sites although further work would be required to confirm this. 
Significantly lower proportions of antimony are leached in the 'A)-associated' fraction 
than the 'Fe- _and Organic Fe-associated' fraction. However, caution is required with 
regard to the interpretation of this comparison because relative concentrations of hydrous 
oxides and the proportion of organically bound antimony in the 'Fe- and Organic Fe-
associated' fraction require elucidation. Woolson et a/156 highlight the potential for 
underestimation of antimony in the 'AI-associated' soil fraction and overestimation of 
antimony in the 'Fe- and Organic Fe-associated' and •ea-associated' soil fractions with 
this described leaching methodology due to redistribution and re-adsorption of antimony 
species mobilised by the initial ammonium fluoride leach. 
Proportions of antimony leached in the 'Water Soluble' soil fraction are relatively low in 
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comparison with the proportions of antimony leached in other soil fractions (0.8-4.8% of 
the total) although similar proportions are leached from the 'Al-associated' soil fraction. 
These data suggest that a low proportion of the total antimony concentration is present in 
a readily exchangeable form (i.e. electrostatically bound to the Surface of soil 
constituents). A notably hlgher concentration of antimony is leached from the Wheat 
Leigh soil in comparison to the Wheat Emily soils when using the Milli-Q water 
leachant. These observatioJIS may reflect differences in soil properties such as organic 
matter content and soil pH, which in turn, influence the net surface charge characteristics 
of these soils and the extent of electrostatic attraction and repulsion. The organic matter 
content of the Wheal Leigh soil is approximately 7% and the organic matter content of 
the Wheat Emily soils ranges between approximately 11 ..and 34% when using the 
described LOI technique. These hlgh organic matter contents are typical for temperate 
grassland and woodland soils (Wheat Leigh and Wheal Emily sites respectively) because 
hlgh rates of organic matter deposition combined with cool climatic conditions facilitate 
low rates of organic matter decomposition. Lower concentrations of antimony may be 
leached from Wheal Emily soils with Milli-Q water leachant due to the hlgher organic 
matter content and the enhanced potential for re-adsorption of antimony to organic matter 
constituents. However, caution is required with regard to the interpretation of this 
leaching data because it is suggested that soil organic matter content may be over-
estimated due to the partial decomposition of clay minerals and sesquioxides when using 
the described LOI technique. 193 The pH of the Wheat Leigh soil (7.36) is higher than the 
pH ofthe Wheat Emily soils (5.06-6.83) in O.OIM CaCh and this may reflect higher 
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concentrations of organic acids and organic matter in the Wheat Emily soils. 
An adapted version of the sequential chemical leach test is used previously by Kavanagh 
et a/1S4 to examine proportions of total arsenic in five geochemically defmed fractions in 
mine wastes and pasture soils collected from the Devon Great Consols mine site in 
Southwest England. However, the total arsenic leached by the sum of the five leaching 
steps (17.1-66.6% of the total for pasture soils, 68.7-78.7% ofthe total for mine wastes) 
is notably higher than the total antimony leached by the sum of the five leaching steps in 
this study (16.8-26.2% of the total in soil derived from mine wastes). Further 
optimisation of the leaching methodology is therefore required to improve the leaching 
efficiency of antimony in these soils. Kavanagh et a/154 report that 30.4-68.4% of the 
total arsenic is leached from selected mine wastes by the 0.25 M sodium hydroxide 
leachant, 7.0-37.9% of the total arsenic is leached by the 0.25 M sulphuric acid leachant 
and 0.0004-2.0% is leached by the de-ionised water and ammonium fluoride Ieachants. 
Notably lower proportions of antimony are leached from soils with 0.25 M sodium 
hydroxide (1.2-8.7%) and 0.25 M sulphuric acid leachants (2.4-11.6%) Jn this study 
although similar proportions of antimony (0.7-4.8%) are leached from soils with 
de-ionised water and ammonium fluoride leachants. 
Lower proportions of antimony may be leached from soils in this study due to differences 
in soil composition and differences in the chemical behaviour and partitioning of arsenic 
and antimony in the stuclied soils. For example, lower proportions of antimony may be 
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leached from soils in this study due to more extensive associations of antimony with 
sparingly soluble sulphide minerals such as iron antirnonides (FeSbS) or antimonides of 
other heavy metals present in the soils and similar explanations are previously suggested 
to explain episodes of arsenic insolubility in soils. 188 Sulphidic species are expected to 
dissolve slowly under oxidising conditions to liberate sulphuric acid, iron oxides and 
potentially mobile anionic antimony and arsenic species. However, the rate of antimony 
leaching may be slowed further in acidic leaching conditions due to the potential for 
re-adsorption to protonated sorption sites at soil surfaces and the influence of leachant pH 
on antimony leaching is discussed in more detail below. Historical records note the 
presence of sulphide minerals such as stibnite (S~S3), jamesonite (PbSbS), bournonite 
(CuSbS) and tetrahedrite (CuSbS3) in mine spoil at Wheat Emily and Wheal Leigh172 and 
the low solubility of antimony at these sites may be explained, in part, by the presence of 
antimony-sulphide associations. Additional explanations for large proportions of 
non-teachable antimony in soils at these sites may result from incorporation of antimony 
into crystalline lattice structures of constitutive minerals including feldspars, quartz, 
amphiboles and pyroxenes or the incorporation of antimony into insoluble clay mineral or 
organic soil deposits. These soil component interactions have previously been 
suggested188 to explain large proportions of non-teachable arsenic in soils and suggested 
mechanisms include isomorphic substitutions of arsenic with Si4+ and Al3+. 
Milli-Q water leachant is used in Leach Tests I and 2 and step I of the sequential 
chemical leach test to liberate electrostatically bound antimony from soil surfaces. 
Proportions of 
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leached antimony range between 0.5-4.8% of the total antimony concentration under 
these conditions although some of the highest proportions of antimony are leached from 
soils in Leach Test 2 (2.5-4.6% of the total antimony concentration). Highest proportions 
of antimony are expected to leach from soils in Leach Test 2 because solubility 
constraints such as 'common ion effects' are minimised by the use of a high L:S ratio of 
20 and replacement of the leachant solution every 24 hours throughout the test. Data 
from Leach Test 2 highlights decreasing rates of antimony leaching with increasing 
cumulative L:S ratio and similar leaching trends _are observed for each of the studied soils 
despite notable differences in total antimony concentration, soil pH and organic matter 
content. This observation suggests the influence of 'diffusion-controlled' release 
mechanisms for antimony in soils under these leaching conditions and similar leaching 
characteristics are reported previously for antimony in Coeur D' Alene river 
sediments. 18•157 Highest proportions of antimony are leached from soils in Leach Test 2 
during the early stages of the leaching test (up to a cumulative L:S ratio of 40) and 
reduced proportions of antimony are leached at cumulative L:S ratios greater than 60. 
These observations are apparent from the 'flattening' of the leaching profiles with 
increasing cumulative L:S ratios and increasingly influential 'surface wash-off' effects 
may contribute to these leaching profiles.157 Total antimony soil concentrations correlate 
closely with proportions of total leached antimony in Leach Test 2 (R2 value of 0.9969) 
despite notable variations in soil pH and organic matter content and a similar correlation 
is observed in step l of the sequential chemical leach test (R2 value of 0.9902) and the 
short-term leach test, termed Leach Test I (R2 value of 0.9912), where Milli-Q water 
leachants 
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are used. These observations highlight the significance of total antimony concentrations 
with regard to the extent of antimony leaching in soils and wastes and more extensive 
antimony leaching may therefore be observed in environmental systems that exhibit 
higher levels of antimony contamination. 
Data obtained from the pH static test (Leach Test 3) suggests that leachant solution pH 
can influence the extent of antimony leaching in soils in addition to the total antimony 
soil concentration. Highest proportions of antimony (1.5-2.9% of the total concentration) 
are leached from soils when using an alkaline leachant (Milli-Q water at pH 1 0) and 
lowest proportions of antimony (0.02-0.3% of the total concentration) are leached when 
using an acidic leachant (Milli-Q water at pH 4.0). This leaching data highlights the 
significance of alkaline leachant conditions for release of antimony from these soils and 
similar observations are reported previously for antimony leaching in sediment and fly-
ash matrices. 18•105 Mok and Wai18 investigate the release of antimony from river 
sedirnents under controlled pH conditions (pH 2.7, 4.3, 6.3, 8.3 and ll.4) and report 
increased leaching of antimony from 0.02% to 0.3% of the total antimony concentration 
as the leachant solution pH is .decreased from 4.3 to 2.7. However, a greater increase in 
leaching is observed from 0.02% to 2.3% of the total antimony concentration as the 
leachant solution pH is increased from 4.3 to 11.4. These proportions of leachable 
antimony are comparable to those obtained from soils from Wheal Emily and Wheal 
Leigh (l.S% to 2.9% of the total antimony concentrations) when leached in alkaline 
leachant conditions (Milli-Q water at pH 10). Van der Hoek et a/105 report antimony 
leaching 
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characteristics in a range of acidic, neutral, alkaline, fresh alkaline and brown coal fly-ash 
samples using leachant solutions with pHs in the range of3.9-12.5 although this study is 
less conclusive with regard to the influence of Je-achant pH on antimony release. Highest 
proportions of antimony (approximately 1.5-14.0% of the total antimony concentrations) 
are leached when using all5aline leachant solutions with pHs in the range of 7.0-12.5. 
However, similar leaching trends are ..also observed for .arsenic in soils, sediments and 
wastes18•105•194•195 and this may suggest some similarities between the chemistry of arsenic 
and antimony in soils and waters. Incr.eased arsenic leaching is reported in specific river 
sediments, alkaline fly-ashes and selected geolo~al phases (alumina and hematite) when 
using acidic leachant solutions (pH :c::; 4.0). 18•105•194 However, increased arsenic leaching 
is also in selected river sediments, acidic fly-ash and sodium arsenite wastes when using 
alkaline leachant solutions (pH typically > 11.0). 18•105•194 
Antimony and arsenic leaching in soils is influenced by factors such as redox status, pH, 
intrinsic _sample composition (i.e. hydrous oxides, organic matter and clay mineral 
content) and the resultant chemical _structure of the leaching species. However, further 
studies, particularly with antimony, are required to facilitate an improved understanding 
of the associated soil-water chemistry. Arsenic leaching is suggested to increase in soils, 
sediments and wastes under acidic reducing conditions due to an increased formation of 
neutral Aslii species such as arsenious acid (H3As03), which exhibit a low potential for 
adsorption onto protonated surfuce adsorption sites. 194•196 AsV species may adsorb to a 
greater extent under these conditions due to the suggested formation of a deprotonated 
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arsenic acid derivatives (H2As04- and HAs0/)/94•196 which may adsorb readily onto 
protonated surface sites. Similar leaching characteristics may be observed fur antimony 
under acidic reducing conditions because Sbiii is predicted to form neutral H3Sb01 
species and the formation of SbV species is considered unfavourable under reducing 
conditions (section 1.2.1, Figures 1.1-1.2).196-198 However, there are considerable 
discrepancies regarding both the chemical structure and stability of these antimonial 
species and further work is required to verify these leaching mechanisms. 196-198 
Aslii species such as H1As03 may also leach readily under ;;1cidic oxidising 
conditions18·196 although leaching of AsV may reduce concurrently due to enhanced 
electrostatic attractions at soil surfaces and/or eo-precipitation with Fe hydroxides. 194 
SbV species are reported to leach predominantly over Sbiii species in the same study and 
this contrasts with the As leaching observations described ·above. This suggests some 
significant differences between the affinities of Asiii and AsV species to surfuce 
adsorption sites in comparison with Sblll and SbV species. 18 These observations are 
supported by Thanabalasingham116 and Belzile et al90 who present evidence for the 
sorption of Sbiii species onto hydrous oxide adsorbents and oxidation of Sbiii to SbV 
species. Partial dissolution of soil components such as protonated AI(OHJ)(sJ and 
Fe(OH)3<sJ may occur at pHs < 4.0 and this process may contribute, indirectly, to the 
release of sorbed species. Positively charged arsenic complexes such as Ae+-H2As04-
and Fe3+ -H2As04- are suggested to form due to the liberation of AIJ+ and Fe3' ions44 and 
these complexes may inhibit the re-adsorption of arsenic onto residual protonated 
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hydrous oxides and promote an overall increase in leaching. Similar antimony 
complexes may also form in the presence of acidic soil Jeachants although further work 
would be required to confirm this. Enhanced leaching may also occur at low pH due to 
competitive oxyanion adsorption effects, complexation of sorbed anions and increased 
solubility of precipitated calcium arsenate and antimonate complexes. 186·187·199 
To date few studies have examined the mechanisms that influence the release of ~enic 
and antimony from environmental samples at high pH under oxidising and reducing 
conditions. However, both organic matter and Fe(OH)3(s).are reported to dissolve at high 
pHs to fucilitate a significant release of -previously sorbed arsenic and antimony 
species. 188'189 Leaching is likely to be influenced by the chemical structure and charge of 
the leaching species and the surfuce charge on the adsorption sites. Surfuce sorption 
sites such as hydrous oxides and clay minerals may become deprotonated (depending 
upon intrinsic ZPC vaJues) under aJkaline conditions and these changes in surface charge 
may result in the release of anionic species through desorption mechanisms. The 
tendency for arsenic and antimony to form .anionic species may further aid the extent of 
leaching under high _pH conditions by inhibiting re-adsorption and/or repelling aqueous 
species from deprotonated surfuce sorption sites. A number of deprotonated arsenic 
· d' ed fo 194 196 d 1k I' 'd' ' d' ' d h ' I d species are pre 1ct to rm · un er a a me ox1 1smg con 1t1ons an t ese me u e 
HAsO/", Asol-, monomethylarsonic acid and diamethylarsinic acid. However, Sb03- is 
the only predicted antimonial species under these conditions (section 1.2.1, Figure 1.1 )196 
although this species may exist as the [Sb(OH)6]" ion in aqueous solution. Under alkaline 
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reducing conditions deprotonated arsenious acid (H2As03-, HAsO/) and antimonous 
acid (Sb02) species may predominate in addition to sulphidic antimonial species such as 
, S~sl- (section 1.2.1, Figures Ll-1.2). 196-198 
8.4 Antimony species in soilleachates and surface waters 
Chromatographic techniques are used in this study to enable simultaneous separations of 
Sbiii, SbV and TMSb species and simultaneous separations ofSbV and TMSb species in 
leachates derived from soils at the Wheal Emily and Wheal Leigh sites. However, SbV is 
the only identified species in these leachates despite .distinct variations in soil properties 
_such as total antimony concentration, soil pH and organic matter content and these 
observations agree with predicted antimony .species under oxidising conditions {section 
8.3). Wheal Etnily soil leachates exhibit three tninor chromatographic peaks in addition 
to SbV when analysed usin_gthe methodology for simultaneous separations ofSbiii, SbV 
and TMSb species. However, the retention times of these peaks do not correspond to 
those of the analytical stan~ .used in this study and these peaks cannot be identified 
by the HPLC-ICP-MS technique. Further work would be required with qualitative 
analytical techniques such as liquid chromatography mass spectrometry (LC-MS) or 
electrospray ionisation mass spectrometry (ESI-MS) to enable elucidation of structural 
information for these species. 
Single chromatographic peaks are observed for each of the Wheal Etnily and Wheal 
Leigh soil leachates when analysed using the methodology for simultaneous separation of 
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SbV and TMSb. These single chromatographic peaks are attributed to SbV in the 
majority of the leachate samples although some notable variations are observed between 
the retention times for SbV in each leachate matrix. The retention time for SbV in the 
BS05 leachate is notably shorter than that of the SbV species in the BSOI leachate, WLS 
leachate and the calibration standard matrix and the .identification of TMSb and SbV 
species is prevented in the BS05 leachate due to eo-elution of these species. Mechanisms 
that influence these observed shifts in SbV retention times are incompletely understood, 
although it is suggested that differences in the soil composition and resultant leachate will 
be influential Soil BSO!i exhibits a notably high organic matter content (33%) in 
comparison with soils BSOI (ll%) and WLS (7%) and reduced SbV retention times in 
the BSOS leachate may be attributed, in part, to the presence of organic Jeachate 
components such as humic substances which may modify the separation chemistry. SbV 
species may complex with organic acids to form neutral species, which exhibit a reduced 
affinity for the chromatographic stationary phase. However, Pilarski et af1 consider the 
formation of these species to be unlikely due to the enhanced stability of the hexahydroxy 
antimonateV [Sb(OH)6r species, which are thermodynamically favoured (pHs 5-8) under 
these conditions.20 Reduced retention of SbV may also result from competitive sorption 
effects at the surfuce of the stationary chromatographic phase. These competitive effects 
may be attributed to the presence of additional anionic species such as chlorides, 
carbonates, phosphates and organic acid leachate constituents although further work 
would be required to confirm this. 
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Chromatographic peaks are observed with similar retention times for Wheat Emily adit 
stream waters and the Wheat Emily BSOS soil leachate when analysed using the 
methodology for simultaneous separations of SbV and TM:Sb and these species eo-elute 
in the sample matrices. Retention of _SbV in the adit stream water matrices is notably 
reduced in comparison with the calibration standard matrix and this may reflect the 
influence of similar competi_tiv_e .sorption or com_ple.xation effects as described above for 
the BS05 Jeachate. The shoulder peak in the adit stream water chromatographs is shown 
to decrease with increasing _sampling distance from the .adit entrance. However, this 
shoulder peak is not attributed to a specific antimony species due to the potential for 
shifts in species retention times and the eo-elution of TMSb and SbV species in the 
sample matrices. 
Concentrations of speciated antimony increase in the adit stream water samples with 
increasing stream water pH and dissolved oxygen content and these observations show 
good agreement with data obtained from the laboratory based pH static leaching test 
(Leach Test 3). The pH of the adit stream water is shown to increase with increasing 
distance from the adit entrl}.tlCe, and these observations may be attributed to the leaching 
of constituents from roclcs and mine waste at this site. The mine waste at Wheat Emily is 
reported172 to contain sulphur-bearing minerals such as jamesonite (P~S~S5) and 
bournonite (PbCu(Sb,As)S3) and these sulphidic mine wastes can acidify soils and waters 
due to weathering and microbial degradation processes, which liberate sulphuric acid. 
However, carbonate-rich Middle Devonian Slates are suggested to underlay the Wheal 
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Emily field site185 and this rock material is exposed in the mine spoil heaps at this site. 
The increasing alkalinity of the adit stream waters with increasing distance from the adit 
entrance may be attributed, in part, to the dissolution of carbonates in underlying rocks 
and associated carbonation processes may reduce and control the W ion concentrations in 
the adit stream waters through liberation of HC03- and col- ions. However, further 
work would be required to confirm this. 
Increasingly alkaline and oxygen-enriched adit stream water samples exhibit increasing 
concentrations of leached antimony species and these observations may be attributed to 
the release of antimony from mganic matter and iron hydroxide soil constituents, as 
suggested previously in step 3 of the sequential chemical leaching test. These soil 
components exhibit increasing potential _for dissolution _at high leachant (adit stream 
water) pH and aqueous Sb03- or [Sb(OH)6r species are thermodynamically favoured 
under these leaching conditions as previously described (section 1.2.1, Figure 1.1 ). 196 An 
increasing deficit is observed between the total antimony concentration and the total 
speciated antimony concentration in adit stream waters with increasing distance from the 
ad it entrance. These observations may result from the formation of unidentified species 
in the adit stream water samples, which resist elution from the chromatographic column 
under the described analytical conditions. Mechanisms that may prevent the elution of 
antimony species under these chromatographic conditions include precipitation of 
antimonial species in the mobile or stationary phase or the formation of species with a 
multi-negative ionic charge. 
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A number of researchers report the analysis of aqueous antimony species in natural 
waters, waste waters, soil and sediment leachates and biological extracts using 
hyphenated chromatographic techniques?0.29'31 '48-53 However, the majority of these 
studies identify SbV or methylated antimonials as the most predominant species and few 
researchers report the detection of Sblll species. Analytical data generated in this study 
exhibits similar trends to some of the previously reported observations, _in that no Sblll 
species are identified in leachates derived from the contaminated soils at Wheat Emily 
and Wheat Leigh. These findings suggest the occurrence of oxidation reactions, which 
convert trivalent antimonials to pentavalent antimonials in environmental systems. More 
specifically, trivalent antimony species in rock minerals such as stibnite (S~S3), 
valentinite (S~03) and jamesonite (P~S~Ss) may be converted to pentavalent antimony 
species in soils and waters during rock weathering processes although further work is 
required to confirm this. 
The potential for generating representative data for aqueous antimony speciation may be 
hindered by the potential for sampling-induced oxidation of any trivalent antimony 
species resident in the sample (Le. through increased exposure of the sample to oxidants 
during collection, extraction and storage procedures). A proportion of the published 
investigations that do not detect Sblll species concentrations in environmental samples 
may be attributed to sampling-induced oxidation of Sbiii to SbV species. However, the 
potential for sampling-induced oxidation of Sblll is minimised in this study through the 
implementation of methodologies which reduce the potential for rapid oxidation reactions 
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prior to analysis and these methodologies promote the generation of representative 
speciation data. Additional methOdologies such as speciated isotope dilution (SID) may 
also be used to correct for the inter-conversion of chemical species in samples between 
the point of collection an$1 analysis. These methodologies may serve to improve the 
quality of resultant antimony speciation data although the widespread application of these 
methods may be limited due to _the necessity for the use of specialist isotopically labelled 
species spikes. 
TMSb species are also undetected in waters and Ieachates derived from soils at Wheat 
Emily and Wheal Leigh, although other workers have previously identified mono-, di-
and trimethylated antimonials in selected waters, aquatic plants, river sediments and soil 
extracts using HG-GC-AAS20 and HG-GC-MS31 and HPLC-ICP-MS52 techniques. 
Methylated antimonials are suggested to occur in environmental samples as a result of 
aerobic or anaerobic biomethylation of inorganic Sb species and both scopulariopsis 
brevicaulis and phaeolus schweinitzii fungi are _reported to liberate non-volatile 
methylated antimony species (dimethylated and trimethylated antimony) when incubated 
with inorganic Sb substrates.27.2B,IIS,200,20I,20l However, only the phaeo/us schweinitzii 
species (wood rotting fungus) is naturally present in environmental systems and antimony 
biomethylation is suggested to be a significant process in forests grown on antimony 
contaminated soils?02 The phaeolus schweinitzii fungus is reported to biomethylate 
inorganic Sblll species (potassium antimony tartrate and antimony trioxide) 
preferentially over inorganic SbV species202 (hexahydroxy antimonateV) and these 
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observations may explain the absence of TMSb in leachates derived from Wheal Emily 
and Wheal Leigh soils. Sblll species are not thermodynamically favoured under aqueous 
oxidising conditions and these species are not detected in leachates derived from soils at 
Wheat Emily and Wheat Leigh. These observations suggest low availability of Sblll for 
biomethylation processes at these sites. 
8.5 Conclusions 
An evaluated Mg(N03)z ashing technique is shown to enable quantitative digestion of 
soils deriv~ from mine spoil at Wheat Emily and Wheal Leigh and total antimony 
concentrations are determined in these soils using ICP-MS. Soils contain highly elevated 
antimony concentrations at these sites in comparison to global (1.0 ~g g"1) and UK 
average (1.1-8.6J.Lg g"1) values, respectively, and these findings highlight the potential for 
significant antimony contamination in soils due to mining activities. Elevated antimony 
concentrations at these sites are suggested to result from the weathering of exposed mine 
spoil enriched with antimony-bearing minerals and from wind-blown dust generated from 
historical rock _grinding processes. Antimony leaching is clearly identified in soils and 
waters at the Wheal Emily field site and antimony concentrations are shown to increase 
from 8 to 22 ng ml"1 in a stream water system that bisects a spoil heap at this site. These 
antimony concentrations are significantly elevated in comparison to global average 
freshwater antimony concentrations (0.25 ng m1"1). The extent of antimony leaching in 
these soils is influenced significantly by the total antimony soil concentration, leachant 
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solution pH and the L:S leaching ratio and these observations are apparent despite 
notable variations in soil pH and organic matter content. Antimony leaching is observed 
to be most significant in soils that contain highest total antimony concentrations ahhough 
increased antimony concentrations are also leached with increasing L:S leaching ratios or 
in the presence of alkaline leachant _solutions. Antimony leaching .is notably reduc~ in 
soils when leached.at lower L:S ratios or when leached in the presence of acidic leachant 
solutions. Leachant solutions with neutral or alkaline pHs facilitate increased leaching of 
antimony concentrations in soils and it is therefore suggested that enhanced risks of 
antimony leaching and surface water tontamination will be observed where surface 
waters encounter alkaline rocks, soils and fly-ash wastes that contain elevated antimony 
concentrations. It is sugge_sted that low proportions of antimony may be leached from 
sulphide-rich mine wastes due to the associations of antimony with sparingly soluble 
sulphide minerals or thro~ the liberation of sulphuric acid, which may reduce the pH of 
the system. Cumulatively leached antimony concentrations (long-term antimony 
leaching) is shown to increase with increasing cumulative L:S ratios_prior to the influence 
of surface wash-off effect_s and enhanced cumulative antimony leaching is suggested to 
occur at sites where surface waters can permeate through 1>oils and wastes at high flow 
rates. Tbese observations highlight the influence of physical site characteristics with 
regard to the extent of long-term antimony leaching at a given site. For example, factors 
that may be influential to the extent of long t~rm antimony leaching include physico-
chemical characteristics, composition and resultant porosity of soils and wastes, site 
topography and surface water flow rates. Some examples of methodologies that are used 
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to reduce long-term leaching of metal contaminants in soils and wastes include 
engineering methods such as the use of clay capping, in-ground barriers or vitrification to 
reduce surface water permeability. Soils and wastes may also be solidified and stabilised 
chemically by mixing with binding agents or sorbents to prevent surfuce water 
permeability. However, the selection of chemical methodologies for reduction and 
stabilisation of antimony leaching in contaminated soils and wastes requires careful 
consideration in view of the leaching data highlighted in this study, particularly if soils or 
wastes contain additional metal .contaminants which may exhibit different soil-water 
chemistries to antimony. Chemical methodologies such as the use of lime amendments 
can be used to raise the pH of soils and wastes to facilitate reduced lellChing of selected 
metal contaminants through the formation of insoluble metal precipitates or complexes. 
However, these methodologies are not recommended for treatment of soils and wastes 
that are contaminated with antimony because laboratory-based leaching tests highlight 
the potential for increased antimony leaching under alkaline pH conditions. 
The majority of published analytical research relating to analysis of antimony in 
environmental samples is focussed largely upon the determination of total antimony and 
aqueous antimony speciation. However, few studies are directed at the long-term 
stability and bioavailability of antimony in solid environmental matrices, particularly 
soils, sediments and solid wastes. This issue is addressed in this study and the solid state 
partitioning of antimony is investigated in contaminated soils using an adapted sequential 
chemical leaching test that is previously used to assess arsenic partitioning in 
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contaminated soils. A number of similarities are highlighted between the partitioning of 
antimony and arsenic in soils when using this sequential leaching methodology. Low 
proportions of both antimony and arsenic are partitioned in the easily exchangeable, At-
associated and Occluded At-associated soil fractions and both antimony and arsenic are 
suggested to form calcium complexes in these soils. However, significantly lower 
proportions of antimony are partitioned in the ea-associated and the Fe- _and organic Fe-, 
associated fractions in comparison to arsenic in these soils and these observations 
preclude the assumption of similar _soil chemistries for these elements. The efficiency of 
the sequential chemical leaching test is significantly lower for antimony than for arsenic 
in the two separate leac~g studies. However, caution is required with regard to the 
interpretation of this data because antimony and arsenic partitioning may be influenced 
by differences in soil composition as opposed to differences in intrinsic soil chemistry. 
Novel HPLC methodology is developed in this study to facilitate simultaneous 
separations of TMSb, Sblll and SbV species in aqueous media and method detection 
limits are found to be sufficient for analyte quantification in contaminated waters and soil 
leachates. Optimum species separations are attributed to the use of the HAAX stationary 
phase (Alltech), which tolerates the use of mobile phases over a wide pH range to enable 
an effective gradient elution profile. Mechanisms that control the separation of TMSb, 
Sbiii and SbV species under these chromatographic conditions are incompletely 
understood at present. However, it is considered likely that both anion exchange and 
complexation chromatographic mechanisms enable the simultaneous separation of 
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TMSb, SbV and Sblii species under these analytical conditions. HPLC-ICP-MS 
methodologies are used to investigate aqueous antimony speciation in selected soil 
leachates and stream waters derived from Wheat Emily and Wheat Leigh. However, the 
majority of speciated antimony in these samples is quantified .as inorganic SbV and 
similar speciation is observed in leachates derived from soils with variable total antimony 
concentrations, pH and organic matter content. These aqueous antimony speciation data 
show _good agreement with thermodynamic predictions for antimony speciation in oxic 
environmental conditions. Sblll and TMSb species are not identified in any of the soil 
leachates or stream water samples in this study although three unidentified antimony 
species are observed at significantly lower concentrations relative to SbV in selected 
Wheat Emily soil leachates. It is suggested that risks of antimony toxicity to biota may 
be limited at Wheat Emily and Wheat Leigh because highly toxic inorganic Sbiii species 
are not observed to be mobile in surface soils and waters and lower bioavailability is 
therefore expected for this species. Inorganic SbV species are shown to be mobile at high 
concentrations at Wheat Emily and Wheat Leigh although elevated concentrations of 
these antimony species may be less significant because the toxicity of inorganic SbV is 
generally considered to be l 0 times less than that of inorganic Sblll. 
HPLC-ICP-MS techniques offer the potential for rapid on-line separations of aqueous 
antimony species with low limits of detection. However, caution is required with regards 
to the analysis of environmental samples because sample matrix constituents may modify 
the chromatographic separation chemistry and shift peak retention times from the 
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calibration standard chromatography. Problematic retention time shifts can be overcome 
to some extent by spiking the sample matrix with the aqueous antimony species of 
interest. However, accurate identification and quantification of aqueous antimony 
species may be precluded by the occurrence of eo-eluting chromatographic peaks. 
8.6 Recommendations for future work 
An adapted sequential chemical leaching methodology is used in this study to investigate 
antimony's solid state partitioning in soils and solid wastes. However, a low extraction 
efficiency is observed from this method and selectivity is not achieved between 'Fe-
associated' and 'Organic-Fe associated' .antimony fractions. Future_studies in this area of 
analytical research should address, therefore, the development of low temperature or 
sealed vessel sequential chemical leaching procedures with improved selectivity and 
efficiency fur antimony in soils and wastes. It may also be prudent to investigate 
proportions of antimony re$ident in the '_sulphide-associated' soiVsolid waste fractions 
because the extent of antimony leaching may be influenced significantly through 
associations with sparingly soluble sulphur minerals. 
New UK regulations for risk assessment of contaminated land assume that further 
detailed site specific studies are required in association with the Co~taminated Land 
Exposure Assessment (CLEA) model to investigate metal contaminant concentrations, 
which exceed appropriate guideline values. However, it is suggested that continued work 
is required to establish guideline values for antimony in contaminated soils and solid 
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wastes and these guideline values should reflect the potential fur leaching, bioavailability 
and toxicity implications to biota from antimony. It is recommended that strategies for 
future water quality monitoring include the use of HPLC-ICP-MS methodologies to 
quantify aqueous antimony species in addition to techniques such as ICP-MS and JCP-
AES for total element analysis. Furthermore, it may be appropriate to establish guideline 
values for selected aqueous antimony species in order to reflect the potential for toxicity 
to biota. 
The separation and identification of Sbiii, SbV and TMSb species is receiving some 
notable scientific interest at present although recent progress with chromatographic 
separation methodologies has been limited due to a lack of commercially available 
analytical standards and an incomplete understanding of antimony's environmental 
chemistry. In the absence of many commercially available soluble antimony compounds, 
future studies should investigate the potential for complexation and chromatographic 
separation of Sbiii and SbV associated with naturally derived organic and inorganic 
ligands in environmental samples. Thorough application of these complexation-type 
studies in conjunction with qualitative .analytical techniques such as LC-MS and ESI-MS 
will enable an improved understanding of separation chemistry for aqueous antimony 
species. Furthermore, this will facilitate the development of advanced chromatographic 
techniques for the separation and identification of complex antimony species in 
environmental matrices. Ox.idative w.eathering reactions may contribute to the natural 
detoxification of inorgaqic SbHI species in contaminated surface soils and waters. 
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However, these natural reactions are not expected to occur in anoxic/reducing conditions 
and further analyses are therefore recommended to investigate aqueous antimony 
speciation and subsequent potential for toxicity in antimony contaminated ground waters 
and landfillleachates. 
At present the majority of antimony's environmental chemistry is not well understood. 
However, there is considerable scope for further analytical research within this field. It is 
suggested that extensive further research with particular rJ!spect to antimony's solid state 
_partitioning in soils and solid wastes and continued developments with chromatographic 
separations will prove essential to the elucidation of antimony's environmental 
chemistry. 
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Table A.l: Analytical techniques or the preconcentrat10n an d extraction o f al tot antimony m aqueous samples. 
Application Extraction I Preconcentr~~tion Technique Detection System LOD/ng mr' Ref. 
Rain water Preconcentration with CPC and TX-100 Spectrophotometry 3 58 
and complexation with Brilliant Green 
Synthetic solutions HG with cold trapping MIP-AES 0.4 56 
Synthetic solutions HG with hot trapping GF-MIP-AES 0.35 56 
River water Acidification and elution through Chelex 100 resin AAS N.R 61 
Synthetic solution Continuous HG with cold trapping GC-PID 0.1-0.2 55 
Synthetic solutions In situ chemisorption with PG M substrates GFAAS 0.0029 57 
Sea water Solvent preconcentration HO-X-ray fluorescence N.R 60 
N.R. - Not reported; CPC- cetylpyndmtum chlonde; TX-100- Tnton X- LOO; HG- Hydnde Generatton; GF-MlP-AES- Graphite Furnace-Mtcrowave 
Induced Plasma-Atomic Emission Spectrometry; AAS - Atomic Absorption Spectrometry; GC-PID - Gas Chromatography-Photoionization Detection; 
PGM - Palladium Group Metals; GFAAS - Graphite Furnace Atomic Absorption Spectrometry. 
N 
\0 
N 
Table A.2: Analytical tee hni ques fj h d ort e f etermmat10n o total antimony m aqueous sampJ es. 
Application Method of Determination LOD/ngmf Ref. 
Synthetic solutions Selective continuous HG-FAAS N.R. 62 
Water samples Selective continuous flow HG-ICP-AES 0.41 66 
Water samples Flow injection HG-ICP-MS 0.017 38 
Water samples On-line HG-ICP-AES 3 65 
River water Continuous HG-AAS N.R 61 
Sea water Flow injection HG-ICP-MS N.R. 63 
Reference waters ETV-ICP-MS 0.01 39 
Water samples HG-ICP-MS- 0.06 40 
Cloud water ICP-MS 0.005-0.020 41 
Synthetic solutions HG-ICP-MS 0.005 42 
Sea water HG-ICP-MS 0.0022 64 
N.R. - Not reported; HG - Hydnde Generat.lon; FAAS - Flame Atom1c AbsorptiOn Speotrometry; ICP-AES - Inductively Coupled Plasma-Atom1c 
Emission Spectrometry; ICP-MS - Inductively Coupled Plasma-Mass Spectrometry; AAS - Atomic Absorption Spectrometry; ETV-ICP-MS -
Electrothermal Vaporization-Inductively Coupled Plasma-Mass Spectrometry. 
Table A.3: Less common analytical techmques fi or the d etenrunatlon o f al tot antimony m aqueous samples. 
Application Method of Determination LOD/ng mf1 Ref. 
Snow samples ASV 0.02 76 
Water samples 
Sorption studies with synthetic solutions and ASV N.R. 21 
commercial grade humic acid 
Brackish water NAA N.R. 79 
l.ndustrial waste water DPP 20 77 
Estuarine waters csv N.R. 78 
Synthetic solutions HG-GC-PID 0. 1-0.2 55 
Rain water Complexation with Brilliant Green and spectrophotometric detection 3 58 
Sea water Total-reflection X-ray fluorescence spectrometry N.R. 60 
Synthetic solutions HG with cold trapping- MIP-AES 0.4 56 
Synthetic solutions HG with hot trapping- GF-MIP-AES 0.35 56 
Natural waters Coprecipitation and complexation with crystal violet-spectrophotometric 0.005 81 
(inc. sea waters and effluents) detection 
Synthetic solutions Extraction with bis(2-ethylhexyl) phosphoric acid· N.R. 80 
spectrophotometric detection 
Waste waters Complcxation with 2-(3,5-dibromo-2-pyridylazo)-5-diethylaminophenol(3,5- N.R. 82 
dibromo-P ADAP)-spectrophotometric detection 
N.R.- Not reported; ASV- Anochc Stnppmg Voltammetry; NAA- Neutron ActivatJOn Analys1s; DPP- Differential Pulse Polarography; CSV- Cathodic 
Stripping Voltammetry; HG-GC-PID - Hydride Generation-Gas Chrornatography-Photoionisation Detection; MIP-AES - Microwave Induced Plasma-
Atomic Emission Spectrometry; GF-MIP-AES- Graphite Furnace-Microwave induced Plasma-Atomic Emission Spectrometry. 
T bl A4 H d .d G a e Lye n e f t hn. enera Ion ec Iques £ th d t f or e e ermma Ion o f f · r an ImOID'_ SQec1a Ion m aqueous samples. 
A ppllc:ation Hydride Genentlon Detection Sb Species LOD Ret 
Technique (HG) System Identified 
Sea water Selective batch HG FAAS Sb(III) 1 ng 88 
Sea water Selective flow injection Electrothermal heating Sb(lll) 0.007 ng 43 
analysis HG (quartz cell) and AA S 
Sea water Selective continuous flow HG Electrothermal heating Sb(III) 0.21 ng mr 43 
(Quartz cell) and AAS 
Synthetic solutions Batch HG GC·AAS SbH3 N.R. 91 
CH3SbHz N.R. 
(CH3)2SbH N.R. 
(CH~hSb N.R. 
Sea water Selective batch HO ICP-AES/ MS Sb(lll) N.R. lOS 
Fly-ash leachates N.R. 
Synthetic solutions Selective continuous flow HG FAAS Sb(Ul) 1.85 ng mr 44 
Sea water Tandem on-line separation HG lCP-AES Sb (Ill) 3ng mr 45 
Sb(V) 8namr' 
Sb(lll) and( V) in spiked water samples Pre-reduction kinetics HG ICP-AES Sb (Ill) 1.2 ng mr 46 
Sb(V) 4.S ng mr' 
Freshwater plant extracts Semi-continuous HG GC· MS SbHl IS ng 31 
CH3SbH2 N.R. 
(CH3)2SbH N.R. 
(CH3)3Sb N.R. 
Water samples FIA · HG AAS Sb(III) 0.007 ng 47 
Water samples Continuous HG AAS Sb(III) 0.21 ngmr 47 
Biota extracts Semi-continuous HG OC· AAS SbHl N.R 20 
Water samples (CH3)2SbH N.R 
(CH1hSb N.R 
Water samples Batch HG AAS Sb(III) 2.97 ng 47 
N.R.- Not reported; FAAS- Flame Atom1c AbsorptiOn Spectrometry; AAS- Atonuc Absorption Spectrometry; GC-AAS- Gas Chromatography-Atonuc 
Absorption Spectrometry; ICP-AES - Inductively Coupled Plasma-Atomjc Emission Spectrometry; GC-MS- Gas Chromatography-Mass Spectrometry. 
T bl AS HPLC a e tee h' mques fj h d ort e etenrunat10n o f antimony speciatiOn m aqueous samp! es. 
A pplic:atioo HPLCColumo Mo bile Phase Detecdoa ldeadfled LOD/qmf' Ref. 
System Sb Spedet 
Sewage and landfill Hamilton PRP-XIOO tetramethylammonium hydroxide (CH1)3SbCh 0.005 48 
extracts 150 x4.6 mm 12 rnmol r 1 ICP-MS . sb(v) 0.005 
Sewage and landfill Dionex Ion Pac tetramethylammonium hydroxide (CHJ}lSbCh 0.005 48 
extracts AS4A·SC4mm 3 mmol r 1 ICP-MS Sb(V) 0.005 
River water Hamilton PRP.-XIOO phthalic acid 0.002 mol r Sb(IU) 7.5 49 
Sea water 250 x4.1 mm (pH Sl ICP-MS Sb(V) 0.9 
River water Hamilton PRP-X IOO phthalic acid 0.002 mol r Sb(III) so 49 
Sea water 250 x 4. 1 mm (pH 5l HG-AAS Sb(V).. 6 
Natural waters Supelcosil LC-SAX I ammonium tartrate SO mmol r Sb(Ill) 2.0 so 
20 x4.6 mm CoH S.S\ HG-14.AS Sb(v) 1.0 
River water Hamilton PRP-XIOO phthalic acid 0.002 mol r Sb(UI) 0.4 49 
Sea water 250 x4.1 mm (pH Sl HG-ICP-MS Sb(V) 0.08 
Synthetic solutions Hamilton PRP-XIOO potasium hydroxide (CH3)3Sb 0.6 29 
Soi I extracts 150 x 4.6 mm 2 mmol r1 ICP-MS Sb(V) -<J.S 
Synthetic solutions Hamilton PRP-XIOO EDT A 20 mmol r Sb(IIJ) 0.8 29 
Soi I extracts 159 x4.6mm KHP 2mmol r1 (pH 4.5) ICP-MS Sb(V) o.s 
W atcr extracts Hamilton PRP-XIOO phthalic acid 2 mmol r Sb(fll) 3.11 51,52 
Soil extracts ISO x4. 1 mm (pH 5) ICP-MS Sb(V) o.s~ 
(CH3)3Sb0 0.59 
Water samples Hamilton PRP-XIOO 4-hydroxybenzoic acid 2 mmol r Sb(III) 3.19 
Soil extracts 150 x 4.1 mm (pH S.S) ICP-MS Sb(V) 0.72 
(CH~SbO 0.81 
Water extracts Hamilton PRP-XLOO phthalic acid 2 mruol r Sb(!U)-.. 409 
Soi I extracts 150 x4.1 mm (pH 5) TCP-AES Sb(V) 102 
.(CHJ)lSbO 151 
Water samples Hamilton PRP-XIOO 4-hydroxybenzoic acid 2 mrnol r Sb(lll) 457 
Soi I extracts 150 K4.1 mm (pH 5.5) JCP-AES Sb(V) 107 
(CH1nSbO 156 
Synthetic solutions Dionex AS4 A N!LCI 20 mmol r ICP-AES a-hydroxy acid-Sb N.R. 
250 x4.0 mm complexes 
Waste waters Hamilton PRP-X100 50 mmol r sodium citratc HG-AAS Sb(Ill) 0.8 
100 x 4.1 mm Sb(V) J.O 
250 x 4.1 mm 
N.R.- Not reported; EDTA- Ethylenedlanunetetraacettc actd; KHP- Potassium hydrogen phthalate; ICP-MS- Inductively Coupled Plasma Mass 
Spectrometry; HG-AAS - Hydride Generation-Atomic Absorption Spectrometry; HG-ICP-MS - Hydride Generation-Inductively Coupled Plasma-Mass 
Spectrometry; ICP-AES- Inductively Coupled Plasma-Atomic Emission Spect'rometry. 
52 
52 
52 
22 
53 
Table A.5 : Continued 
Application HPLCColumn Mobile Phase Detection Identified LOD/na ntf1 
Syste~ Sb Species 
Synthetic solutions Dionex AS4A EDTA 1.25 mmol r HG-AA1) Sb(lil) 0.7 
250 x4.0mm (pH 4.. 7) Sb(V) N.R 
Synthetic solutions ION-120 ammonium ~ydrosen CJ!lTbona~e I mmol r HG-AAS Sb(V) 1.0 
120 x4.6 mm tartaric acid )mmol 1"1 (CHlhSb 0.4 
Synthetic solutions ION-120 EDT A 20 mmol r HG-AAS Sb(lii) N.R. 
120 x 4.6 mm KHP I fTll110I 1"1 Sb(V) N.R 
(CH3h Sb N.R 
Tap water samples Dion~x AS4A; EDT A 1.25 mmol r !CP-MS Sb(III) 0.012 
250 x4.0 mm (pH 4.7) Sb(V) 0.014 
Tap water samples ION-qo ammonium pydrogen carbonate 1 rmpol r ICP-MS Sb(V) 0.012 
120 )1:4.6 ·mm tartaric acid I IT!.ftlOI I" 1 (CH3)1Sb O.OQ9 
Tap water extracts Synchropa~ Q30(} phthalic acid 2 ffi\1101 r ICP-MS Sb(III) 0.~ 
Airborne particulat.e extracts I 00 X 4.6 lTUl"\ EDTA 5 mp1otr 1 (pH 4.5.) sb(v) 0.1 
Airborne particulate extracts Hamiiton PRP-XIOO. tetramethylaminonium hydrox~ 10 mmol r !CP-MS Sb(V) N.R 
250 x4.6 mm (pH 12) . (CHJhSb N.R 
Airborne particulate extracts Asahipak GS520HG Tris SO mmol r (pH 7.4) ICP-MS Sb(Ill) N.R 
300 x7.6 mm Sb(V) N.R. 
(CH3)3Sb N.R 
Moat water samples Hamilton PRP-X lOO E;DTA 10 mmol r ICP-MS Sb(UJ) 0.05 
Airborne particulate eJ~tracts 250 x4.6mm phthalic 11cid I mmol 1" 1 (pl;l 4.5) Sb(V) 0.07 
Synthetic solutions Supelcosil LC SAX· I ammonium t11rtrate 60 mmol r (pH 6.9) HG-AFS Sb(lll) 1.9 
20 x4.6 mm Sb(V) 0.8 
Synthetic solutions Hwilton PRP-XIOO 2 mmol r potassium hydroxide HG-AFS Sb(V) 5 
150 x 4. 1 mm . (CH3)~Sb so 
N.R. - Not reported; EDT A- Ethylenediammetet:r¥cetJc actd; KHP- PotassiUm hy~rogen phthalate; ICP-MS- Inductively Coupled Plasma Mass 
Spectrometry; HG-AAS - Hydride Generation-Atqmic Absorption Spectrometry; fiG-AFS- Hydride Generation-Atomic Fluorescence Spectrometry. 
Ref. 
94 
94 
94 
95 
95 
96 
97 
97 
98 
99 
100 
Table A.6: Less common analytical techniques utilising pre-analysis species separations for the determination of antimony 
. 1 spec1at10n m aqueous samp1 es. 
A ppllcation Pre-AoalysiJ Separation Technique Identified Detection LOD Ref. 
Sb species System 
Water samples Extraction using DPBA and Brilliant Green Sb(V) spectrophotometric IOngmr 106 
Natural waters Preconcentration and separation using Sb(III) NAA 0.0025 ngmr 107 
thionalide-loaded acrylic polymer 
Natural waters Preconcentration and separation using Sb(lll) NAA 0.023 ngmr 108 
thionalide-loaded acrylic polymer 
Tap water Selective sorption onto Polyorgs 3 I Sb(lll) GF·AAS 0.03-0.034 ng mr 109 
Snow samoles 
Sea water Selective adsorption onto activated alumina Sb(UI)+Sb(V) GFAAS 0.004-0.026 ng 110 
Sb(Ill) 
Natural waters Extraction with APCDT Sb(III) NAA 0.001 ngmr 102 
Sea water Chelation using Na-DDTC and thionalide cocrystalisation Sb(III) NAA N.R. 103 
Sb(V) N.R. 
Water samples Selective extraction with lactic acid and Malachite Green Sb(I!I)-rSb(V) GFAAS 0.01 ng 47 
Sb(HC) 
Natural waters Complexation with FDDC Sb(III) supercritical fluid 0.011 ng 104 
and extraction with dichloromethane chromatography 
Fly-ash leachates Coprecipitation with DBDTC Sb(Ill) NAA o.s ns mr 105 
N.R. - Not Reported; DPBA - diphenylbenzarmdine; APCDT - ammoruum pyrrohdmecarbocbth10late; DDTC - diethyldtthiocarbamate; DBDTC -
dibenzyldithiocarbamate; FDDC - fluorinated dithiocarbamate; NAA - Neutron Activation Analysis; GFAAS - Graphite Furnace Atomic Absorption 
Spectrometry. 
Table A.7: Less common analytical technique~ utilising in-line species separations for the determination of antimony speciation in 
1 aqueous samp es. 
Application Method of Determination Identified LOD/ncmr Ref. 
Sbspecles 
Natural waters Selective continuous HG with cry9genic trapping-AAS Sb(ITI) 0.23-0.24 I l l 
Natural water$ Selective batch HO witb cryogenic tra~ping-AAS Sb(lli} 0.001-0.01 ll2 
Natural waters Selectivc.._HG wlth colcf~pping-OC-P!D Sb(III) 0.0004 113 
Volatile Sb compounds Capillary gas chromatography-fluorine induced chemiluminescence (CH3)3Sb N.R 115 
and GC-MS-head space analysis 
Tap water, sea water HG-AFS Sb(lll) 0.3 114 
.A.ir samples 
Waste water samples HG-AFS Sb(III) N.R. 87 
Natural waters Selective batch HG with ooldtrapping-AAS Sb(lil) 0.0003-0.0012 24 
(CH3)SbH2 
(CH3)2SbH 
N.R. -Not reported; HO - Hydnde Generation; AAS - Atorruc Absorptton Spectrometry; GC-PID - Gas Chromatography-PhotoJOmsation Detect10n; GC-MS 
- Gas Chromatography-Mass Spectrometry; AFS - Atomic Fluorescence Spectrometry. 
T bl A 8 Mt. d" a e a nx 1gest10n t h . ec mques B th d t f or e e ermma ton o ft t l f fi "1 oa an 1mony rom so1 s, s ecr t rmen s an db" 1 10 OgiCa t . 1 ma ena. 
Application Matrix Digestion Technique Open I Sealed Vessel Method of Determination Ref. 
Herbage Dry ashing with Mg(N03)2 - furrtace technique Open HG-lCP-AES 129 
Soils and sedimcnts Concentrated HCl • hot block technique Sealed HG-ICP-AES 119 
Plant and biological tissue Concentrated HCI · hot block technique Open HG-ICP-AES 120 
Soil Concentrated HCI - hot block technique Open HG-lCP-AES 120 
Silicon HN03, HF, H3B~ and H20 2 - microwave technique Sealed lCP-MS 121 
Soil Dry ashing with Mg(N03)2 • furnace technique Open ICP-AES 11 
Herbage HzSO., HN03 and sodium sulphite • hot block technique Open HG-AAS 122 
Algal cells HN03 at 80"C Open GFAAS 123 
Biological t issue HN03 and HzOz • microwave technique Sealed and open focussed ICP-MS 124 
Biological tissue acetic acid or H2SO. with Kl - microwave technique Open focussed Slurry sampling-HG-AAS 125 
Botanical samples HN03, HF, HzOz and H3B03 in a Teflon bomb • microwave technique Sealed AASIICP-AES 126 
Soil 
Botanical samples HN~ in a PF A bomb· microwave technique Sealed ICP-MS 127 
Geological samples HN~. HF and HClO. in a PF A bomb followed by hot plate evaporation to Open and sealed phases ICP-AES/MS 128 
dryness with HClO. and dissolution in HNO). 
HG-ICP-AES - Hyqnde GeneratJon-lnducttvely Coupled Plasma-Atomtc Emtsston Spectrometry; ICP-MS - Inducttvely Coupled Plasma-Mass 
Spectrometry; HG-AAS- Hydride Generation-Atomic Absorption Spectrometry; GF-AAS- Graphite Furnace-Atomic Absorption Spectrometry; ICP-
AES - Inductively Coupled Plasma-Atomic Emission Spectrometry. 
w 
0 
0 
Table A.8: Continued. 
Application Matrix Digestion Technique Opeu/Sealed V esse! Method of Det.erminadon Ref. 
Soils Boiling in 6M HCI using a Liebig condenser Open HG-AAS 118 
Sea weed Reflux with HN03. evaporation to reduce volume, addition ofH2SO• with Sealed Spectrophotometric 81 
continued heating until white fumes evolve 
Silicate rocks .Rdlux with HF, evaporate to dryness, add HN03 and evaporate to dryness, Open and sealed phases Spectrophotometric 81 
re-dissolve in HCI 
Sediment Reflux in HN03 followed by evaporation to dryness, reflux in potassium Sealed HG-GC-PID 113 
persulfate followed by evaporation to dryrloss, heating with HCI 
Biological tissue Pressurized ashing with HN03 SeaJed HG-ICP-AES 70 
Botanical samples 
Geological samples Reflux in HN~ and HCI04, addition ofHF and HN~ and evaporate to Open and sealed phases HG-ICP·AES 130 
reduced volume addition of HC~ Kl and ascorbic acid 
Geological samples HCI and HNOJ at 90 'c N.R HG-ICP-MS 131 
Geological samples Digest with HCl, HF, HCIO., evaporate to dryness, Open and sealed phases HG-ICP-MS 131 
further digestion with HCl and HNOJ 
Soil HN~-microwave digestion Sealed DPASV 134 
Biological tissue Heating with HN~, HclO, and H2SO,- hot plate technique Open HG-ICP-AES 70 
Soil 
HG-AAS - Hydride Generation-Atorruc Absorption Spectrometry; HG-GC-PID - Hydnde Generation-Gas Chromatography-Phot01omzat1on Detection; 
HG-ICP-AES - Hydride Generation-Inductively Coupled Plasma-Atomic Emission Spectrometry; DPASV - Differential Pulse Anodic Stripping 
Voltammetry. 
T bl a 1 . e A.9: AnalytJca techmques fi h d or t e eterrmnat10n o f tot a "1 antlmony m so1 s, se d" 1ments an db" 1 10 og1ca . 1 matena. 
Application Method of Detennination LOD Ref. 
Ores, rocks, soils and sediments Xanthate complexation-extractiO!I·HG·AAS 0,02 J.l.8 g" 59 
Soils, sediments and biological materials Selective continuous flow HO·ICP·AES 0.41 J.l.8 r' 42 
Soils Automated HG-Eiectrothermal heating·AAS 7-20 ng g· 118 
Soi Is and sediments Slurry sampling Gf·AAS 0.03~-tgmf 1 138 
Geological reference materials Oblique HG-ICP-AES N.R. 130 
Geological samples HG-ICP-MS 6~-tgkg"1 131 
House and street dust NAA N.R. 139 
Soil ASV 8.9 X 10' mol I" 134 
Peat bog sample NAA N.R. 140 
Flood plain soi ls PAA N.R. 142 
Dust and grasses ICP-MS 0.03 mg kg' 135 
Biological samples HG-X-ray fluorescence spectrometry 0.03~-tgg'1 136 
N.R. - Not reported; HG-AAS - Hydnde Generation AtoiTl.lc Absorpuon Spectrometry; HG-ICP-AES - Hydnde Generation-lnduellvely Coupled Plasma-
Atomic Emission Spectrometry; HG - Hydride Generation; AAS - Atomic Absorption Spectrometry; GF-AAS - Graphite Furnace-Atomic Absorption 
Spectrometry; HG-JCP-MS - Hydride Generation-Inductively Coupled Plasma-Mass Spectrometry; NAA - Neutron Activation Analysis; ASV - Anodic 
Stripping Voltammetry; PAA - Photon Activation Analysis; ICP-MS- Inductively Coupled Plasma-Mass Spectrometry. 
Table A.9: Continued. 
Application Method of Determination LOD Ref. 
Marine sedimems Selective continuous flow HG·ICP-AES 0.8 ng mr 137 
Sea weed, silicate rocks, red clay, biological eo-precipitation and complexation with crystal violet with o.oos J.L& r ' 70 
tissue UV Spectrophotometry 
Soil Slurry sampling with batch HG-AAS 2.97 ng 47 
Airborne particulates Slurry sampling G F-AAS IS ng mr 143 
Soils NAA o.s J.lgg· ' 83 
Marine sediments Slurry sampling with HG-AAS 8.35 ng g· 144 
Geological materials Automated ultrasonic slurry sampling with ET AAS 0.008 J.LS g·' 145 
Biological samples Continuous, HG-lCP-AES 0.8 ng mr 70 
Soil 
w HG-AAS - Hydride Generation Atom1c Absorption Spectrometry; HG-JCP-AES - Hydride GeneratiOn-Inductively Coupled Plasma-Atorruc Errusston 
S Spectrometry; HG - Hydride Generation; AAS -Atomic Absorption Spectrometry; GF-AAS - Graphite Furnace-Atomic Absorption Spectrometry; NAA -
Neutron Activation Analysis; ET AAS- Electrothermal Atomic Absorption Spectrometry. 
APPENDIXB 
CHROMATOGRAPIDC METHOD DEVELOPMENT DATA 
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lMSb calibration data 
(250 x 4.0 mm Diooex AS4A column) 
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Sb V calibratrion data 
(250x4.0mmDionexAS4A co lunn) 
y = 11206x + 2384.3 
R' = 0.9993 
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Figure B6 
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Figure B7 
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Figure B8 
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Mobile phase: 50 mM ammonium tartrate @ pH 3.0 
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Mobile phase: 100 mM ammonium tartrate@ pH 3.0 
Flow rate: 2.0 m1 min-1 
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Mobile phase: 100 mM ammonium tartrate @ pH 3.0 (0 % methanol) 
Flow rate: 2.0 ml min-1 
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Flow rate: 2.0 m1 min-1 
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SbV calibration data 
(40 x 4_6 mm SAX-SB column) 
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SbiD calibration data 
(40 x4.6 mm SAX-SB colUim) 
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40 x 4.6 mm SAX-SB column 
Mobile phase: 100 mM ammonium tartrate @ pH 2.0 
Flow rate: 2.0 ml min-1 
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40 x 4.6 mm SAX-SB column 
100 ngml-1 SbV + Sblll + TMSb 
Gradient elution: 
TMSb 
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Mobile phase A: 100 mM ammonium tartrate @ pH 3.0 
Mobile phase B: 100 mM ammonium tartrate @ pH 2.0 
0.0 to 3.0 min (A @ 1.5 ml min-1) 
3.0 to 3.01 mm (A @ 1.5 ml min-1 toB @ 2.5 ml rnin-1) 
3.01 to 7.0 min (B @ 2.5 ml min-1) 
7 .0 to 7.01 min (B @ 2.5 ml min-1 to A @ 1.5 ml min-1) 
7.01 to 10.0 min (A @ 1.5 ml min-1) 
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Figure B21 
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Gradient elution: 
Flow rate: 1.2 ml min-1 
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Mobile phase B: 100 mM anunonium tartrate: pH 2.0 
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7.0 to 7.01 min (B to A) 
7.01 to 10.0 min (A) 
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Figure B22a 
Sb V calibmtion data 
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Sblli calibration data 
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TMSb calibration data 
(40 x4.6 rrm SAX-SB colurm) 
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Figure B23 
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Mobile Phase: 100 mM ammonium tartrate@ pH 3.0 
Flow rate: 1.2 ml min-1 
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Mobile phase: 100 mM ammonium tartrate@ pH 3.0 
Flow rate: 1.2 ml min-1 
50 ng m1·1 Sblll 
33 1 
100 
Figure B25 
SbV 
Sbiii 
200.00 400.00 600.00 
40 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate@ pH 3.0 
Flow rate: 1.2 ml min-1 
50 ng ml-1 SbV + Sbiii 
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Figure B26a 
Sb V calibration data 
(40 x 4.6 mm HAAX column) 
20.0 40.0 60.0 
y = 38492x- 4882.8 
R2 = 0.9999 
80.0 100.0 120.0 
Cone. (ng/ml) 
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Figure B26b 
Sbill calibmtion data 
(40 x4.6 mn I IAAX colutm) 
y = 46620x+ 2153.7 
R2 = 0.9999 
0 ~------r------.-------.------.-----~ 
0.0 20.0 40.0 60.0 80.0 lOO. 
Cone. (ng/ml) 
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Figure B27 
200.00 400.00 600.00 
40 x 4.6 mm HAAX column 
Mobile phase: lOO mM ammonium tartrate@ pH 1.5 
Flow rate: 1.2 ml rnin-1 
50 ng rnl-1 TMSb 
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Figure 828 
400.00 600.00 
40 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate@ pH 10.0 
Flow rate: 1.2 ml min-1 
50 ng ml-1 TMSb 
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Figure B29 
200.00 400.00 600.00 
40 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate @ pH 3.0 
Flow rate: 1.2 mi min.1 
50 ng ml-1 TMSb 
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Figure B30 
200.00 400.00 600.00 
100 x 4.6 mm HAAX column 
Mobile phase: l 00 mM ammonium tartrate @ pH 3.0 
Flow rate: 1.2 ml min -1 
50 ng ml-1 SbV 
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Figure 831 
250.00 500.00 750.00 1000.00 
100 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate @pH 3.0 
Flow rate: 1.2 ml min-1 
50 ng rnl-1 SbiiJ 
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Figure B32 
500.00 1000.00 1500.00 
100 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate @pH 3.0 
Flow rate: 1.2 ml min-1 
SO ng rnl-1 TMSb 
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Figure B33 
250.00 500.00 750.00 1000.00 
100 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate @ pH 2.0 
Flow rate: 1.2 ml min-1 
50 ng ml-1 TMSb 
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Figure 834 
200.00 400.00 600.00 
100 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate @ pH 1.2 
Flow rate: 1.2 ml min-1 
50 ng mr1 TMSb 
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Figure B35 
SbV 
10 
Sblll 
% 
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250.00 500.00 750.00 
100 x 4.6 mm HAAX column 
Mobile phase: 100 mM ammonium tartrate @ pH 3.0 . 
Flow rate: 1.2 ml min-1 
50 ng ml-1 SbV + Sbiii 
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Figure 836 
TMSb 
10 
% 
SbV 
Sblll 
0-b==:;::::::.._~==1----===:::::::=---=:=====rt (s) 
500.00 
100 x 4.6 mm HAAX column 
50 ng ml-1 SbV + Sblll + TMSb 
Gradient elution: 
Flow rate: 1.2 m1 min-1 
1000.00 
Mobile phase A: 100 mM ammonium tartrate @ pH 3.0 
Mobile phase B: 100 mM ammonium tartrate @ pH 1.2 
0.0 to 12.5 min (A) 
12.5 to 14.0 min (A to B) 
14.0 to 20.0 min (B) 
20.0 to 20.01 min (B to A) 
20.01 to 25.0 rnin (A) 
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Figure 837 
500.00 
100 x 4.6 mm HAAX column 
50 ng rnl-1 TMSb 
Gradient elution: 
Flow rate: 1.2 mJ m in -I 
1000.00 
Mobile phase A: 100 mM ammonium tartrate @ pH 3.0 
Mobile phase B: 100 mM ammonium tartrate @ pH 1.2 
0.0 to 12.5 min (A) 
12.5 to 14.0 min (A to B) 
14.0 to 20.0 min (B) 
20.0 to 20.01 min (B to A) 
20.01 to 25.0 min (A) 
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Figure B38 
500.00 
100 x 4.6 mm HAAX column 
Blank (Milli-Q) 
Gradient elution: 
Flo~ rate: 1.2 ml min-1 
1000.00 
Mobile phase A: lOO mM ammonium tartrate @ pH 3.0 
Mobile phase B: 100 mM ammonium tartrate @ pH 1.2 
0.0 to 12.5 min (A) 
12.5 to 14.0 min (A to B) 
14.0 to 20.0 min (B) 
20.0 to 20.01 min (B to A) 
20.01 to 25.0 min (A) 
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Figure B39 
SbiH SbV 
10 
% TMSb 
o~~5-0~~,o-o~1~5~0~2~oo~~2~so~~3o~o~3~5~0~4~o~o~4~5o~~5o~o~5~s~o~6oo rt(s) 
100 x 4.6 mm HAAX column 
20 ng mr' TMSb + Sblll + SbV 
Gradient elution: 
Flow rate: 2.0 ml min-1 
Mobile phase A: l 00 mM ammonium tartrate @ pH 2.3 
Mobile phase B: 100 mM ammonium tartrate@ pH 1.5 
0.0 to 4.0 min (A) 
4.0 to 4.0 L min (A to B) 
4.01 to 10.0 min (B) 
L 0.0 to l 0.01 min (B to A) 
10.01 to 12.0 min (A) 
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